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PREFACE 


The  rapidly  increasing  use  of  composite  structures  in  NATO  aerospace  has  intensified  interest  in  methods  of  strength, 
and  life  analysis.  At  the  same  time  the  introduction  of  new  tough  resins  has  increased  the  static  strength  of  composite  joints 
with  implications  for  the  corresponding  strength  in  fatigue.  A  number  of  NATO  nations  have  built  up  data  bases  and 
developed  methods  for  strength  and  life  analysis;  in  order  to  take  advantage  of  these  resources  the  Structures  and  Materials 
Panel  held  a  Specialists'  Meeting,  in  conjunction  with  the  64th  Panel  Meeting,  in  Madrid,  Spain  on  27th— 29th  April  1987, 
under  the  chairmanship  of  Professor  Vittorio  Giavotto,  to  provide  a  focus  for  methods  of  analysis  and  the  identification  of 
research  needs.  This  volume  contains  the  papers  presented  at  this  Specialists'  Meeting. 


L’cmploi  de  plus  en  plus  frequent  de  maferiaux  composites  dans  le  cadre  des  activites  aerospatiales  de  I’OTAN  est  & 
I’origine  d’un  regain  d'interet  dans  les  method es  d'analyse  de  la  resistance  et  de  la  duree  de  vie  des  composants.  Parallement. 
1’atrivee  de  nouvelles  resines  hautement  resistantes  a  eu  pour  effet  d'augmenter  la  resistance  statique  des  joints  composites; 
phenomene  non  sans  importance  pour  la  resistance  en  fatigue  correspondante.  Un  certain  nombre  de  pays  membres  de 
I'OTAN  ont  constitue  des  bases  de  donnees  et  ont  elabore  des  methodes  pour  1’analyse  de  la  resistance  et  de  la  duree  de  vie 
des  composants.  Souhaitant  tirer  profit  de  ces  moyens,  le  Panel  des  Materiaux  et  Structures  a  organise  une  reunion  de 
specialties  k  ('occasion  du  64emc  Reunion  du  Panel  k  Madrid  en  Espagne,  le  27—29  avril  1 987,  presidee  par  Ic  professeur 
Vittorio  Giavotto,  afin  d'orienter  les  methodes  d'analyse  et  de  permettre  I'identi fixation  des  besoins  en  matiere  de  recherche. 
Le  present  volume  presente  des  presentation  faites  tors  de  cette  reunion  de  specialties. 
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LITERATURE  REVIEW  ON  TIC  DESIGN  OP 
MECHANICALLY  FASTENED  COMPOSITE  JOINTS 

by 

C.  Poon 

Structures  and  Materials  Laboratory 
National  Aaronautlcal  Establishment 
National  Research  Council  Canada 
Ottawa,  Ontario,  KiA  ORS 

SUMMARY 

This  report  presents  a  literature  review  o(  the  stste-of-t'ie-art  analytical  and  experimental  methodologies  adopted 
In  the  aerospace  industry  tor  the  design  of  mechanically  fastened  Joints  in  composite  structures.  Results  and  conclusions 
obtained  from  the  published  literature  relating  to  the  effects  of  critical  parameters,  which  Include  composite  material 
system,  fastener  configuration  and  Joint  geometry,  on  the  mechanical  behaviour  and  failure  modes  of  composite 
mechanically  fastened  Joints  are  discussed.  Further  research  required  to  improve  the  design  of  composite  mechanically 
fastened  joints  is  Identified  as  a  result  of  this  review. 

1.0  INTRODUCTION 

The  purpose  of  this  literature  review  is  to  assess  the  state-of-the-art  analytical  and  experimental  methodologies 
for  the  design  of  composite  mechanically  fastened  Joints.  This  review  aims  at  providing  a  basis  for  identifying  further 
research  in  these  areas. 

Joints  that  require  mechanical  fasteners  such  as  bolts,  rivets  or  pins  to  conr  .1  two  or  more  parts  in  a  structure 
where  the  transfer  of  loads  Is  provided  by  the  fasteners  are  generically  described  as  mechanically  fastened  joints.  This  is 
in  contrast  to  adhesively  bonded  joints  where  the  connecting  and  load  transfer  medium  is  the  adhesive  layer. 
Mechanically  fastened  joints  are  required  in  cases  where  the  need  for  component  disassembly  is  entailed. 

One  of  the  more  challenging  aspects  of  composite  mechanically  fastened  joints  is  that  the  well-established  design 
procedures  for  metal  joints,  that  are  based  on  years  of  experience  with  Isotropic  and  homogeneous  materials,  have  to  be 
changed  In  order  to  accommodate  the  anisotropic  and  nonhomogeneous  properties  of  composite  materials.  Also, 
advanced  composites  have  practically  none  of  the  forgiving  capabilities  of  metals  which  yield  to  redistribute  loads  and 
thus  reduce  the  sensitivity  to  local  stress  concentrations.  The  Inherent  matrix  weaknesses  of  composites,  especially 
organic  matrix  composites,  render  the  joints  susceptible  to  interlaminar  shear  failures  as  a  result  of  matrix  stresses. 

Analytical  procedures  for  the  prediction  of  static  strength  and  fatigue  life  of  composite  nechaoically  fastened 
joints  are  presented  in  Section  2.  The  application  of  finite  element  and  two-dimensional  elasticity  methods  in  stress 
analyses  and  the  adoption  of  failure  criteria  in  static  strength  predictions  are  discussed.  Current  methods  for  fatigue 
life  prediction  are  also  discussed. 

Experiments  investigating  the  effects  of  important  parameters  on  the  mechanical  performance  of  composite 
mechanically  fastened  joints  are  presented  in  Section  3.  Of  principal  interest  in  the  results  discussed  are  stress 
concentrations  at  the  fastener  hole  as  a  function  of  fastener  configurations  and  material  parameters,  and  the 
relationship  between  failure  modes  and  joint  configuration,  fastener  pattern,  lay-up,  etc.  The  special  topic  of 
environmental  effects  is  not  Included  in  chis  review. 

Further  research  in  improving  the  design  ol  composite  mechanically  fastened  joint  is  discussed  in  the  last  section. 
This  includes  the  analytical  effort  required  to  improve  the  accuracy  and  reliability  of  both  static  and  fatigue  strength 
prediction  methodologies  as  well  as  the  experimental  work  required  to  provide  a  data  base  which  is  essential  for  the 
application  of  advanced  high  strain/tough  resin  composites.  Also,  the  development  of  failure  models  based  on  physical 
damage  phenomena  is  needed  for  the  prediction  of  delimitation  and  grogs  bearing  failure  inodes. 

2.0  ANALYTICAL  METHODOLOGIES  FOR  STRENGTH  PREDICTIONS 

A  typical  analytical  procedure  tor  the  evaluation  of  the  static  strength  of  composite  mechanically  fastened  joints 
involves  four  basic  stepsi  first,  the  load  distribution  in  the  vicinity  of  the  fastener  holes  is  determined  by  an  over  ill 
analysis  of  the  structural  component)  second,  the  fastener  load  and  the  by-pass  load  at  individual  fastener  holes  are 
determined)  third,  the  detailed  stress  distribution  in  the  vicinity  of  an  Individual  fastener  hole  is  evaluated  based  on  the 
fastener  load  and  by-pass  load)  and  fourth,  the  joint  strength  is  assessed  by  applying  appropriate  material  failure  criteria. 
These  analytical  steps  tor  composite  bolted  joint  strength  evaluation  are  illustrate  in  Figure  I.  Methodologies  adopted 
in  each  of  the  steps  are  discussed  in  the  following  sub-sections. 

2.1  Overall  Structural  Analysis 

An  overall  structural  analysis  to  determine  the  internal  load  distributions  is  performed,  generally,  by  finite  element 
methods.  Because  of  economic  limitations,  it  is  common  practice  tor  a  component  finite  element  model  to  consider 
overall  geometric  and  material  properties  to  determine  stiffness  parameters  and  to  exclude  fastener  flexibility  under  the 
assumption  that  the  contributions  of  bolts  and  local  joint  structures  to  the  overall  structural  deformation  are  quite  small 
(1).  Whan  the  bolt  flexibility  is  considered  to  have  an  effect  on  the  overall  response  to  ioads,  the  inclusion  of  fastener 
effects  in  the  general  model  Is  necessary  for  accurate  analysts  (2,1).  In  Reference  2,  the  finite  element  analysis  of  the 
Space  Shuttle  payload  bay  doors  clearly  demonstrated  that  the  analysis  of  joint  behaviour  was  required  to  be  an  integral 
part  of  the  overall  structural  analysis.  Also  Reference  3  shows  that  the  flexibility  of  the  fasteners  was  required  in  the 
local  root  area  of  the  overall  finite  element  model  of  the  B-l  horiaontal  stabilizer.  Baumann  (%)  presented  a  method 
incorporating  the  effects  of  fastener  representation.  He  dlscusaed  various  modelling  techniques  for  the  fastener  effect 
and  demonstrated  excellent  correlation  with  test  results  by  allowing  the  fastener  (beam  elements)  end  constraints  to  be 
flexible  rather  than  rigidly  fixed  egainat  rotation. 


2.2 


Analysts  of  Load  Distribution  at  Fastener  Holt 

Tha  ovarall  structural  analysis  discus  sad  in  tha  previous  sub-section  can,  In  most  cases,  even  though  fastanars  are 
not  modelled,  provide  an  estimation  ot  loads  actina  on  comolex  Joints.  One  dimensional  analytical  math  ms  for  redundant 
structures  (J)  are  commonly  used  to  determine  the  load  carried  by  each  row  ot  fat  tenors  in  a  complex  joint.  These 
methods  include  analytical  dosed  form  procedures  for  simple  lap-joint  configurations,  and  numerical  procedures  capable 
of  handling  more  complex  isometries  end  joints  with  multiple  shear  faces.  Engineering  Idealisations  employed  In  one 
dimensional  analysis  are  based  upon  frost  assumptions  retarding  the  plats  flexibility  between  successive  fastener  rows, 
the  bolt  flexibility  due  to  shear  and  bentflng  effects,  and  the  local  flexibility  associated  with  the  complex  stress  and 
deflection  pattern  In  the  Immediate  vidnity  of  the  hole  (3,36).  At  Illustrated  in  Figure  2,  rows  of  fasteners  are 
represented  by  fastener  shear  elements  In  the  structural  Joint  Idealisation. 

In  order  to  determine  individual  tastaner  loads  accurately,  It  Is  Important  to  account  tor  the  contribution  of  each 
fastener  to  Joint  flexibility.  This  contribution  Is  dependant  upon  fastener  stiffness,  Joint  member  stiffness,  and  load 
sccontrldty.  Joint  flexibilities,  which  are  obtained  experimentally  from  load-deflection  tests  upon  single  fastener 
specimens,  are  required  for  the  analysis.  In  metals,  this  type  of  data  1s  available  for  a  wide  variety  of  fasteners,  sheet 
materials  and  thidmessat  (6).  in  composites,  however,  this  data  Is  not  at  prevalent  and  it  usually  generated  on  a  "need* 
basis  for  spadlie  conditions.  When  da ta  Is  not  available,  It  Is  common  to  obtain  estimates  of  composite  Joint  flexibility 
by  comparison  to  existing  isotropic  metal  data  or  by  calculations  using  formulae  developed  for  thin  sheet  metals  <S,T), 
An  extensive  experimental  Investigation  was  performed  by  Huth  (111)  to  determine  the  fastener  flexibility  for  a  wide 
range  of  Joints  of  practical  interest.  A  formula  for  predicting  load  transfer  in  multiple-row  joints  based  on  fastener 
flexibility  was  derived  from  test  results.  It  can  be  used  with  a  variety  of  fastener  systems  and  Joint  materials  which 
include  graphlte/epoxy  systems  to  Improve  the  prediction  of  stress  and  fatigue  performance  In  mechanically  fastened 
Joints. 

2.1  Effect  of  Friction  on  Bolted  Joint  Load  Distribution 

The  effect  of  friction  Is  commonly  Ignored  in  the  analytical  work  published  In  the  literature.  Friction  between 
plate  surfaces  can,  however,  significantly  affect  Joint  bolt  load  distribution.  Experimental  work  by  Wittmeyer  and 
Smode  (S)  and  the  survey  report  by  Munse  (9)  both  indicate  that  the  clamp-up  force  resulting  from  bolt  tightening 
relieves  the  Joint  load  transmitted  by  fastener  shear.  However,  In  most  design  situations,  this  beneficial  effect  of 
friction  In  relieving  fastener  load  Is  conservatively  Ignored  because  it  is  felt  that  the  bolt  torque  cannot  be  maintained 
due  to  the  viscoelastic  property  of  resin-based  laminates  which  allows  bolt  dxmp-up  relaxation  (1  OS)  to  occur  during  the 
life  of  the  structure. 

In  fatigue  tests  using  aluminium  single-shear  dog-bone  specimens  with  steel  Huck  rivets,  Hooaon  and  Baker  (10) 
reported  that  failures  of  specimens  occurred  not  at  the  fastener  hole  where  the  stress  concentration  is  hlgliest.  but 
outside  the  region  of  peak  clamp-up  pressure  between  plates.  Significant  fretting  was  observed  in  the  region  ot  failure. 
This  observation  led  to  the  belief  that  failure  was  the  result  of  the  propagation  of  cracks  which  were  Initiated  by  a 
fretting  mechanism. 

In  composites,  this  contact  problem  In  the  faying  plate  surfaces  Is  further  complicated  by  the  fact  that  the 
behavlow  of  friction  and  wear  is  a  function  of  varying  fiber  orientations  with  respect  to  tlie  sliding  direction.  Sung  and 
Suh  (11)  measured  the  friction  coefficient  and  wear  volume  of  composites  as  a  function  of  sliding  distance  for  three 
different  fiber  orientations,  perpendicular,  transverse  and  longitudinal  to  the  sliding  direction  See  Figure  J).  As 
illustrated  in  nlgure  S,  which  presents  their  results  for  graphite  epoxy  composite  (Thomel  J00/SP-2JS),  both  wear  and 
friction  coefficients  were  a  minimum  when  the  fiber  orientation  was  normal  to  the  sliding  surface,  and  both  wear  and 
friction  coefficients  were  a  maximum  when  the  sliding  was  transverse  to  the  fiber  axis.  Different  failure  modes  for 
different  fiber  orientations  with  respect  to  sliding  direction  were  observed  In  their  experiments  (Figure  J). 

Sandlfer  (106)  investigated  the  effect  of  fretting  fatigue  on  graphke/epoxy  composites  and  found  that  fretting  has 
no  significant  effect  on  the  fatigue  life  of  graptute/epoxy  material  when  fretted  against  aluminium,  titanium,  or 
graphite/epoxy  of  the  same  type.  Fatigue  life  was  actually  found  to  be  increased  by  a  factor  of  tour  imder  tension- 
tension  cyclic  loading  due  to  the  clamping  of  the  fretting  pad  in  the  test  section  of  the  unnotched  specimen.  It  was 
noted  that,  during  cycling  testing,  the  specimens  began  to  delaminate  in  the  thickness  plane  between  the  grips  and 
clamped  pads.  However,  such  delaminatian  never  occurred  in  the  clamped  regions.  This  observation  led  to  the 
conclusion  that  the  pads  act  as  a  stabilizing  point  holding  the  plies  together  and  thus  a  longer  fatigue  life  is  achieved. 
Sartdifer  further  mentioned  that  the  application  of  a  common  test  technique  where  buckling  guides  or  stabilizing  fixtures 
are  mounted  at  specimen  mid-point  m  iy  lead  to  non -conservative  fatigue  life  results. 

The  effect  of  friction  In  the  faying  plate  surfaces  can  be  included  in  the  stress  analysis  if  the  damping  is  known. 
Both  finite  difference  and  finite  element  methods  have  been  applied  successfully  in  calculating  the  clamp-up  pressure  lor 
Isotropic  platos  (12,  13,  1*).  A  typical  idealization  of  a  bolted  joint  used  to  determine  the  contact  pressure  between 
plates  Is  Illustrated  In  Figure  j.  The  effects  of  clamping  pressure  and  lateral  constraint  were  Investigated 
experimentally  by  Stockdele  and  Matthews  (U)  on  glass/epoxy  and  by  Collings  (16)  on  carbon/epoxy.  It  was  concluded 
that  Increasing  tha  bolt  tor^je  Increases  the  bearing  strength.  Semi-empirical  equation!,  which  account  for  friction 
effects  and  lateral  constraints  at  the  bolt  hole,  were  established  b;-  Codings  (1 7)  to  predict  bearing  strength  and  failure 
.node  of  carbon  fiber-reinforced  plastics. 

The  through-thickness  effects  for  a  multi-orientation  laminate  as  a  result  of  fastener/piate  interaction  are  very 
complicated  because  the  coefficient  of  friction  varies  through  the  thickness,  from  ply  to  ply,  et  the  edge  of  the  hole. 
Also,  under  compressive  end  frictional  loading,  complicated  failure  modes,  such  as  fibers  debonding  from  matrix  and 
fiber  buckling,  are  encountered.  To  treat  these  effects  analytically,  three  dimensional  methods  and  suitable  failure 
criteria  are  required, 

2.6  Detailed  Street  Analysis  and  Static  Strength  Prediction 

The  detailed  stress  or  strain  distribution  in  the  vidnity  of  the  loaded  bolt  hole  in  a  composite  joint  is  determined  by 
means  of  finite  element  methods,  elastic  anisotropic  analysis  based  on  complex  variable  formulation  and  fracture 
mechanics  analysis.  The  prediction  of  static  strength  and  failure  mode  is  accomplished  by  the  application  of  anisotiopic 
material  failure  criteria  based  on  unidirectional  laminate  properties. 
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The  failure  of  •  commit*  laminate  It  uitutd  on  a  ply-by-ply  bails.  At  th*  Mm  >t  «h*  faitanar  hoi*  where  a  high 
ttr**t  concentration  It  present,  strength  prediction  It  bated  on  stresses  at  a  "character!  ibi  intention"  from  th*  edge  of 
th*  hoi*  (It).  In  thit  wey,  th*  non-lTn*ar  material  behaviour  in  th*  region  ImmedUtelv  turroundlng  th*  fastener  hot*  is 
avoided,  This  approach,  as  Illustrated  in  Figure  t,  ha*  been  commonly  applied  in  th*  failure  analysis  of  composite  bolted 
joints  (it, 20).  The  establishment  of  th*  "characteristic  dimension"  it  bated  on  experimental  data  obtained  by  t*tt 
procedures  discussed  in  References  19*21. 

Failure  mode*  In  composite  bolted  joints  can  be  very  complex  and  quite  different  from  those  of  motel  joints 
because  composites  exhibit  anisotropic  properties,  lack  of  ductility  and  inherent  Interlaminar  weakness.  Various  failjre 
inodes  tor  composite  bolted  joints  are  illustrated  in  Figure  7.  Many  failure  criteria  have  been  developed  essentially  by 
modifying  isotropic  criteria  to  allow  for  anisotropic  effects  in  predicting  these  failure  modes  end  strengths  of  composite 
bolted  Joints.  In  developing  these  failure  criteria,  sufficient  arbitrary  parameters  are  introduced  so  that  various  failure 
modas  can  be  Incorporated. 

2.9.1  Static  strength  failure  criteria 

Sandhu  (22)  publiihtd  a  survey  of  failure  criteria  for  anisotropic  materials  in  1972,  He  broadly  categorised  these 
criteria  according  to  their  capability  to  account  for  failure  mod*  Interaction*.  Failure  criteria  that  do  not  account  tor 
failure  mod*  Interactions  Include  maximum  stress  (2)),  maximu  m  strain  (24),  and  maximum  shear  criteria  (23).  In 
applying  those  criteria,  failure  is  precipitated  when  any  on*  of  the  longitudinal,  transverse,  and  shrar  stresses/strains 
exceed  th*  material  limits  determined  by  tests.  In  th*  other  category  of  failure  criteria  where  failure  mode  Interaction* 
are  accounted  for,  expressions  mainly  of  a  quadratic  form  that  yield  a  smooth  and  continuous  quadratic  failure  envelope 
In  each  load  quadrant,  are  included.  The  expression*  are  eirher  generalisations  of  Von  Mites'  criterion,  such  as  those 
developed  by  Hill  (24),  Tsai  (27)  and  Hoffman  (21),  or  have  been  developed  explicitly  !.i  quadratic  form  using  the  stress 
tensor  approach  which  satisfies  the  invariant  requirements  far  coordinate  transformation,  such,  as  th*  Tsai-wu  criterion 
(29).  Tennyson  (SO)  adopted  th*  cubic  form  of  the  stress  tensor  polynomial  criterion  to  'rediet  failure  strength  of 
graph! te/epoxy  under  biaxial  loads  and  obtained  more  accurate  predictions  than  with  th*  quidratic  form.  Experimental 
procedures  required  to  obtain  these  parameters  for  various  failure  criteria  are  discussed  In  Reference  II. 

2.4.2  Static  strength  prediction  based  an  fracture  r<*ch*nica 

Elsenmann  02)  established  a  bolted  joint  static  strength  prediction  model  based  on  fracture  mechanics  for 
composite  materials.  The  failure  criterion  iss 


where  Kj  is  the  Mo<te  1  stress  intensity  factor  at  location  i  on  the  fastener  hole  boundary  and  Kq  is  the  corresponding 

fracture  toughness.  This  fracture  mechanic*  concept  ti  similar  to  the  "characteristic  dimension"  concept  of  Whitney  and 
Nulsmer  (II)  except  that  th*  characteristic  dimension,  *i,  is  taken  aa  th*  length  of  a  through  crack  extending  radially 
outward  from  location  i  on  th*  hole  boundary.  The  determination  of  *i  is  based  on  laminate  strength  and  fracture 
toughness  obtained  by  tests  discussed  In  Reference  13.  Eight  potential  crack  initiation  positions  on  the  hole  boundary 
(1,8)  are  selected  based  on  an  examination  of  many  (ailed  joint  test  specimens.  Values  of  laminate  tensile  strength  and 
Mode  I  fracture  toughness  at  these  locations  are  determined  by  tests  using  tensile  coupons  and  edge-notched  beam 
specimens  fabricated  in  a  manner  such  that  they  represent  laminate  properties  in  th*  direction  tangential  to  the  hole 
boundary.  Once  -he  laminate  tensile  strength  and  Mod*  I  fracture  toughness  have  been  determined,  the  characteristic 
dimension,  al,  can  be  calculated  for  each  of  the  eight  selected  locations  by  the  following  equation 


The  established  dimension,  al,  is  then  used  to  calculate  the  Mode  1  stress  Intensity  at  each  of  th*  eight  locations  and  for 
each  of  the  five  specific  load  cases  that  consist  of  the  tension  loads  in  the  X  and  Y  directions,  the  bolt  bearing  load*  in 
the  X  and  Y  directions  and  the  shear  loads,  as  illustrated  In  Figure  8  for  location  I  *  2.  The  Mode  I  stress  Intensity  factor 
for  the  general  load  case  at  location  i  is  obtained  by  adopting  linear  superposition  of  all  five  Mode  I  stress  intensity 
factors  for  specific  load  cases. 

The  validity  of  this  fracture  mechanics  model  has  been  verified  by  successful  correlation  of  experimental  results. 
Experimental  data  consisting  of  measured  failure  loads  and  observed  failure  locations  from  a  series  of  forty-eight  static 
tensile  tests  were  used  (12).  The  application  of  this  model,  however,  is  limited  by  th*  requirement  of  wt  extorsive  data 
base  and  Is  only  valid  for  tensile  strength  predictions. 

2.4.3  Static  strength  prediction  using  finite  element  method 

Th*  two  dimensional  finite  element  model  is  by  far  the  meet  common  method  in  composite  mechanically  fastened 
joint  analysis  (34-49).  Th*  major  limitation  of  two  dimensional  analyses  is  that  thres  dimensional  effects,  such  as 
thickness  deformation  related  to  bearing  failures,  interlaminar  shear  resulting  from  ply-to-piy  -  (placement 
incompatibilities,  through-the-thkkness  friction  effects  between  the  fastener  and  th*  hole,  and  iataral  constraint  at  the 
fastener  hole  as  a  result  of  clamping  of  washer  and  nut  face  on  the  plates  that  are  joined  together,  are  not  accounted 
tor.  However,  in  most  design  situations,  two-dimensional  methods  are  chosen  over  three-dimensional  one*  became  of 
their  relative  simplicity  end  economy. 

A  two-dimensional  finite  element  method  solution  predicting  bolted  joint  strength  was  published  by  Waaxcxak  and 
Crus*  (14)  in  1971.  A  coaine-distributed  radial  pressure  acting  along  the  semi-circular  boundary  was  used  to  simulate  the 
load  from  a  rigid  and  frictionless  pin.  Orthofcopic  laminates,  which  were  mid-plan*  symmetric,  were  considered.  Th* 
maximum  stress  criterion,  ths  maximum  strain  criterion  and  the  Tsai-Hill  distortion*!  energy  failure  criterion  were 
applied  to  predict  tit*  laminate  failure  strength  snd  failure  mode.  For  cases  where  lay-ups  were  ♦»}*,  this  analysis 
resulted  In  failure  strength  predictions  which  were  3034  conservative. 

Chang  et  al.  (53,  34)  investigated  th*  seme  problem  using  similar  techniques.  Improved  correlations  in  failure 
strength  end  failure  mode  with  experimental  results  were  obtained  by  adopting  the  Yamade-Sun  shear  strength  failure 
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criterion  07)  in  conjunction  with  o  oropond  foiluro  hypothesis  (H)  thot  predicts  tollure  booed  on  stresses  ot  • 
characteristic  distance  tram  the  pin-hole  Interface  in  order  to  mini  ml  a*  three-dimensional  effects.  Wong  and  Matthews 
01)  uaad  the  PtNIL  coda  to  calculate  the  strains  at  the  pin-loaded  holes  of  mid-plane  symmetric  and  balanced  laminates. 
The  layers  of  a  laminate  were  treated  aa  being  Iwmogontoua  and  orthotroplc.  One  half  of  the  Joint  was  modelled  baaed 
on  symmetry.  The  load  applied  by  the  pin  was  represented  by  a  sinusoidally  distributed  pressure  as  well  as  by  a  uniform 
vertical  dbplacement  at  the  hole  boundary  nn  the  loaded  side  ot  the  hole.  Only  Insignificant  differences  were  found 
between  these  two  techniques  ot  pin  load  representation,  experimental  correlator)*  ot  results  are  Included  In  the 
investigation. 

An  alternative  technique  to  simulate  the  frictionless  rigid  pin  Joint  Is  to  apply  sera  radial  displacements  along  the 
semi-circular  boundary  and  to  apply  force  at  the  tar  end  09,11,12).  Agarwal  09)  used  this  technique  and  the  NASTRAN 
code  to  determine  the  stress  distribution  around  the  fastener  hole  of  a  double- shear  bolt  bearing  specimen.  The 
composite  plate,  which  waa  assumed  to  bo  orthotroplc  and  mid-plane  symmetric,  was  idealised  by  2*9  CQDMEM1 
elements  which  are  Isoparametric  membrane  element  d  do  net  Include  any  bending.  The  piste  was  assumed  tu  be 
symmetric  about  the  X  axle  end  only  half  of  the  plate  was  modelled  (see  Figure  9)-  The  Grime*- Whitney  (maximum 
strain)  first  ply  failure  criterion  (SO)  was  applied  to  predict  the  unnotched  laminate  strength  and  the  Whltnay-Nulsmar 
average  stress  criterion  (It,  if,)  was  applied  to  predict  the  mechanically  fastened  Joint  strength  and  I  allure  mode.  Son! 
(SI)  tied  the  same  NASTRAN  coda  and  the  boundary  conditions  but  adopted  the  Tsal-Wu  tensor  polynomial  failure 
criterion  (29)  for  the  strength  analysis  of  pin-loaded  plate.  The  ultimate  laminate  failure  strength  was  based  or  the  last 
ply  failure  street.  The  results  obtained  by  both  Investigations  were  conservative  by  a  factor  ot  two  tor  lay-ups  which 
were  predominately  t9J*  when  compared  with  corresponding  experimental  results. 

York  et  al.  (92)  >it«d  the  Structural  Analysis  Program  SAP  V  and  the  modified  “point  stress"  failure  criterion  (*))  to 
predict  the  net  tension  strength  of  composite  mechanically  fastened  Joints.  Application  of  the  modified  "point  stress" 
failure  criterion  requires  the  empirical  determination  of  two  notch  sensitivity  parameters,  m  and  c,  for  a  particular 
material  system  retd  laminate  configuration.  Accurate  strength  predictions  were  achieved  based  on  experimental  net 
tension  strength  dots  for  Hercules  AS/1S01-4  graphite/ epoxy  with  a  laminate  configuration  of  (9J/0/-9J/02 /- 
SJ/O/SJ/02/OOh. 

Crows  et  al.  (99)  presented  another  technique  to  simulate  frictionless  pin  loading  in  thair  two-dimensional  finite 
element  analysis  wliere  the  pin  was  also  modellad.  The  pir,  was  loadad  at  its  centar  and  was  connected  to  the  laminate 
by  short,  stiff  spring  elements  which  had  no  transverse  stiffness  and  as  a  result  they  transferred  only  radial  loads  and 
thereby  produced  the  desired  frictionless  interface.  An  iterative  procedure  was  adopted  to  determine  the  contact 
boundary  between  the  pin  end  the  hole.  When  a  spring  was  computad  to  have  a  tensile  force,  its  radial  stiffness  was  set 
to  zero  and  the  analysis  was  repeated  until  convergence  was  reached.  Stress  concentration  factors,  based  on  nominal 
bearing  stress,  for  finite  site  orthotroplc  laminates  of  different  lay-ups  and  geometries  were  established  using  this 
analytical  technique. 

The  above  methods  ignore  the  effects  of  friction  and  the  length  of  contact  ot  the  listener  with  the  ooundary  of  the 
hole  in  the  laminate.  Opiingar  (99,99)  adopted  an  accurate  treatment  of  boundary  c.-mditioro  at  the  fastener  hole  by 
modelling  festener/pUte  Interactions  in  his  finite  element  analysis.  This  treatment  Involves  the  use  of  a  displacement 
boundary  condition  to  represent  the  effect  of  the  fastener  moving  against  the  hole  bounds* y.  The  use  of  displacement 
conditions  in  the  contact  region  leads  to  successful  modelling  of  changes  in  contact  length  with  Inc  teal,  j  by-pass  load,  a 
condition  which  exists  in  a  complex  Joint  with  r-.ultiple  rows  of  fasteners.  The  aneiv'ucai  result,  showing  the  effect  of 
friction  on  radial  and  shear  stress  distrlL .  tions  around  the  fastener  hole  are  giver,  in  Figure  )  J.  A  departure  from  the 
commonly  assumed  half-cosine  redial  stress  distribution  ss  s  result  of  friction  is  noted  in  Klgipo  10, 

WilKlnson  at  al.  (97)  used  an  incremental  finita  element  method  to  determine  'tne  st; esses  and  strains  around  pin- 
loaded  holes  in  orthotroplc  plates.  The  numerical  solution  provided  bv  the  analysis  accounts  for  friction  along  the 
contact  surface  between  the  pin,  which  is  assumed  rigid,  and  the  plate,  and  deter  mines  the  region  of  slip  and  nonslip. 
This  analytical  method  was  later  extended  to  provide  numerical  solutions  for  multiple- bolted  Joints  (91).  The  effects  of 
variations  in  friction,  material  properties,  load  distribution  among  the  bolts  and  bolt/plate  contact  were  considered.  A 
condition  of  nonsilp  existed  at  a  point  on  the  hole  boundary  ifi 
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where  p  *  coefficient  of  friction,  a,  »  radial  stress,  and  r„;  >  tangential  shear  stress.  An  incremental  loading  with  an 

iterative  procedure  was  performed  to  obtain  the  results  at  the  final  specified  load  level.  The  effect  of  friction  on  the 
radial  stress  between  the  bolt  and  the  contacting  hnia  boundary  of  a  woodan  Joint  obtained  from  Reference  9S  is 
presented  in  Figure  II.  This  figure  shows  that  tha  total  absence  of  friction  ( p  <  0)  allows  the  relatively  low  modulus 
wood  to  "wrap"  around  the  rigid  pin  and  theratn  distribute  the  pressure  more  evenly.  For  suffer  orthotroplc  materials, 
such  as  glass  composite,  a  change  in  the  contact  coefficient  of  friction  from  p  ■  0.7  to  p<  0.9  has  little  effect  on  the 
radial  strata  on  the  boundary  of  the  hole  (Figure  12).  However,  this  relative  inaanaitlvlty  of  the  stress  distribution  as 
shown  in  Figure  12  to  moderate  changes  in  friction  is  fortuitous  since,  oven  at  a  fixed  position  around  a  loaded  pin,  the 
coefficient  ot  friction  for  a  stacked  fiber-reinforced  laminate  could  vary  from  ply  to  ply  depending  on  the  particular 
ply's  orientation  relative  to  that  ot  the  pin  in  tha  contact  region.  The  treatment  of  the  through-the-thickness  friction 
affect  requires  very  complicated  three-dimensional  analysis.  No  work  has  bean  published  in  this  area. 

Tha  affects  ot  pin  elasticity,  clearance,  and  friction  on  the  stress  distributions  around  in  hole  in  a  pin  loaded 
crthotropic  plate  were  investigated  by  Hyer  and  Xiang  (112).  Numerical  results,  computed  by  using  two-dimensional 
techniqm*  for  a  (Oo/tqjWgraphlte/epexy  laminate,  indicated  that  pin  elasticity  does  not  have  a  significant  effect  on 
stress  distribution  smite  pin  clearance  influences  the  arc  of  contact  and  tha  radial  stress.  As  a  result  of  a  reduced  arc  of 
contact  due  to  increased  clearance,  the  radial  stress  was  found  to  be  higher,  Tha  effect  of  friction  was  found  to 
decrease  tha  bowing  stress  and  increase  tha  hoop  strait.  Both  the  no-slip  region  and  tha  contact  angio  were  found  to 
increase  with  friction. 

in  a  two-dimensional,  aiasto-plastic  finite  element  analysis,  Tsujlmoto  and  V 11  son  (II))  investigated  tha  affect  of 
including  frictional  forces  along  the  faatonor  hole  interface  an  the  strength  of  composite  bolted  Joints.  It  was  found  that 
for  a  conventional  graphite/epoxy  material,  tha  net  tensile  failure  is  relatively  insensitive  to  friction  effects  while 
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bMrtng  and  sheerout  failure*  are  sensitive.  The  failure  strength  lor  the  bearing  and  tha  shaerout  mod*  was  found  to 
increase  when  tha  coefficient  of  friction  It  increased.  However,  whan  comparing  pradictad  ratultt  with  experimental 
results,  a  condition  of  no  friction  gave  tha  taatt  corralation.  Thcratora  thli  condition  wat  mad  in  subsequent  elastu- 
pi  title  analysis.  Tha  tpaclal  capability  of  thlt  Incremental  alatto-pltttlc  analytit  It  that  it  provides  tha  datails  of  the 
damage  progression  and  employs  a  cumulative  da  matt  concept  to  predict  failure,  tn  a  aeparate  report,  Wilton  and 
Tsujlmoto  (II*)  presented  a  damage  mapping  study  performed  by  using  a  laminate  da  ply  technique  developed  by  Freeman 
(III).  After  a  qua  ni- Isotropic  laminate  was  loadnd  to  ultimate  tensile  strength  by  a  pin  In  a  double  lap  |oint,  It  was 
deplled  and  the  damage  was  documented  photographically,  the  damage  maps  determined  in  this  way  were  found  to 
correlate  well  in  a  qualitative  tense  with  three  predicted  using  the  eiasto-plastic  analysis.  The  development  of 
quantitative  failure  criteria  baatd  on  damage  mechanics  is  being  pursued  by  exploiting  the  present  capability  of  the 
elasto-plattlc  model  In  an  extension  of  the  research  described  in  Reference  1 1 V 

In  order  to  predict  bearing  and  dtlami nation  failura  and  to  account  for  tha  afftet  of  clamping  pressure  created  by 
bolt  torque  in  composite  mechanically  fastened  Joints,  the  distribution  of  stresses  around  the  loaded  hole  in  three 
directions  has  to  be  aval  us  ted.  Matthews  et  el.  (»»)  performed  a  three-dimensional  finite  element  analysis  on  a  single 
composite  bolted  Joint  by  using  a  new  element  dr  ived  from  a  standard  20-nodad,  isoparametric  Vick*  element.  This 
modified  element  can  represent  several  layers  of  tha  com  posits  without  serious  loss  of  accuracy.  The  results  for  three 
clamping  cases  ware  discussed)  (I)  Pin- loaded  hole  case  where  lateral  constraint  Is  excluded)  (2)  finger- tight  washer 
case  whare  lateral  constraint  It  provided)  and  (i)  bolted  joint  case  whare  a  compressive  displacement  to  all  the  surface 
nodai  ixxfcr  the  washer  is  Imposed.  The  effect  of  friction  wu  Ignored  in  the  analysis.  It  was  observed  that  when  the 
laminate  is  loaded  via  a  bolt  with  finger-tight  washers,  the  most  noticeable  change  from  the  pin- loaded  case  Is  a 
reduction  of  the  through- the-thicknesi  tensile  strata.  This  observation  was  consistent  with  the  increase  in  failure  load 
obtalntd  experimentally.  Far  tht  bolt  loading  with  a  fully  clamped  washer,  a  significant  increase  in  the  direct  stress, 
Oj  -  ,  under  the  washer  and  the  interlaminar  shear  stress,  olx  ,  it  the  edge  of  the  washer  In  the  outer  piles,  wax 
noticed.  Again  this  is  consistent  with  experimental  results  where  failure  was  found  to  occur  by  delaminatlon  at  the 
washer  edge.  A  suitable  failure  criterion  has  not  been  combined  with  the  stress  analysis  to  predict  the  actual  failure 
loads  and  failure  modes. 

2.%.*  Static  strength  prediction  using  elastic  anisotropic  analysis 

Those  methods  are  principally  formulated  from  two-dimensional  anisotropic  elasticity  theory  (50).  In  these 
me  tha'#.,  the  stress  distributions  around  a  hole  in  an  Infinite  orthotropic  laminate  are  determined  and  various  ways  of 
correcting  these  stresses  for  finite  laminate  widths  and  lengths  have  been  applied  (51,52).  There  are  two  common 
tcchnUgns  of  modelling  fastener  radial  load  distributions:  (1)  a  radial  stress  boundary  condition  varying  in  a  cosine 
distribution  (52,55,55))  and  (2)  a  radial  displacement  boundary  condition  corresponding  to  rigid  displacements  of  the 
fastener  coupled  with  a  solution  of  tha  associated  contact  problem  (58,39).  In  most  cases,  fastener  frictional  shear 
forces  at  tha  hole  boundary  have  been  Ignored. 

Wasxcxak  and  Cruse  (33)  solved  the  problem  of  an  infinite  anisotropic  plate  containing  a  circular  cut-out.  The 
plate  was  loadad  by  the  bolt  load,  which  was  represented  by  a  cosine  distribution  of  normal  stress  and  was  subjected  to  a 
uniform  streas  field  caused  by  tension  loads  applied  at  two  far  ends  of  the  plate.  The  method  of  superposition  was  used 
to  generate  the  solution  to  the  problem  of  Interest  by  combining  two  infinite  plate  solutions.  One  case  contained  the 
bolt  loading  only  while  the  other  case  contained  the  tension  loading  only.  A  series  solution  based  on  the  theory  of 
anisotropic  elasticity  was  darlved  for  tha  bolt  loading  case.  The  solution  to  the  case  of  a  plato  with  a  hole  under  tension 
loading  was  obtained  from  Reference  3*.  Both  infinite  plate  solutions  for  the  two  cases  were  corrected  for  the  effects 
of  finite  specimen  sin  using  anisotropic  correction  factors  generated  by  Boundary  Integral  Equation  methods  (31)  prior 
to  their  superposition.  Pin/piste  Interaction  was  assumed  to  be  frictionless.  It  was  notes!  that  the  use  of  correction 
factors  to  modify  the  infinite  plate  solutions  produced  a  stress  field  which  no  longer  strictly  satisfies  overall  equilibrium 
requirements. 

The  maximum  stress,  the  maximum  strain  and  rWe  Tsai-Hill  criteria  were  considered  for  static  Joint  strength 
predictions  based  on  a  first  ply  failure  hypothesis.  CO'jervitive  predictions  of  failure  loads  ware  obtained.  The  degree 
of  conservatism  was  found  to  be  a  function  of  sper.liran  lay-ups  varying  from  29*  for  a  (0&/+*5*5)  boron-epoxy  laminate 
to  53%  for  a  '.**>•)  boron-opoxy  laminate  where  large  shear  deformation  occurred.  Prediction  of  failure  locations  was 
found  to  bo  satisfactory. 

Da  Jong  (32)  presented  a  solution  of  the  stress  distribuv.un  around  a  pin  loaded  hole  in  an  orthotropic  plate.  The 
approach  sssd  by  De  Jong  was  sit  tiler  to  that  used  by  Wasxcxak  and  Cruse  (53)  except  that  the  normal  stresses  carrying 
over  the  f/stener  loading  force  on  the  boundary  of  the  hole  wrr*  represented  by  a  sin*  sarin  where  the  coefficients  of 
this  series  were  calculated  from  the  boundary  condition  for  1 ha  dispi/.cement*  of  the  loaded  section  at  the  edge  of  the 
tvsle.  Wasrcxak  and  Cruse  (33)  only  used  the  first  term  c.{  the  win*  serin  as  a  stress  boundary  condition  and  the 
possibility  of  determining  the  normal  ady.a  stresses  in  relation  to  material  proptrtln  by  means  of  a  displacement 
boundary  condition  was  not  exploited.  A  #iper  position  technique  wes  then  adopted  to  estimate  the  stresses  in  the  plates 
of  finite  widths  from  Infinite  plate  results.  The  prediction  of  Joint  strength  by  failure  criteria  was  not  investigated.  One 
of  the  conclusions  reached  by  Da  Jong  was  that  although  the  pin  hns  a  naat  fit  in  the  hole,  there  is  a  clearance,  resulting 
from  elastic  deformations  of  the  plate  material,  not  only  betwee.t  tha  pin  and  tha  unloaded  side  of  the  hole,  but  also 
between  the  pin  and  a  small  region  of  the  loaded  side  as  well. 

Garbo  and  Ogonowski  (33, 3«)  developed  a  Bolted  Joint  Stress  Field  Modal  (BJ3FM)  which  utilises  two-dimensional 
elastic  anisotropic  theory  to  determine  laminate  stress  distributions  around  an  unloaded  or  loaded  fastener  hole  in 
orthotropic  materials.  The  principle  of  elastic  superposi  'loo  was  used  to  obtain  laminate  stress  distributions  due  to  the 
combined  bearing  and  by-pass  loading.  Loaded  hole  analysis  was  performed  by  specifying  a  radial  stress  boundary 
condition  varying  as  a  cosine  function  over  half  of  the  holt.  Tha  stress  solutions  obtained  are  valid  for  mid- plane 
symmetric  laminates  only.  Strain  distributions  are  calculated  using  material  compllsnc*  constitutive  relations. 
Laminate  compliance  coefficients  were  derived  from  classical  lamination  plate  theory  (37)  with  unidirectional  material 
elastic  constants,  ply  angular  orientations,  and  ply  thicknesses.  Strains  for  individual  plies  along  lamina  principle 
material  axes  were  calculated  using  coordinate  transformations.  Finite  width  effects  were  accounted  for  by  the 
superposition  technique  adopted  by  De  Jong  (52),  To  minimi**  the  effect  of  nonlinear  material  behaviour  at  the  hole 
boundary,  tha  "characteristic  dimension"  hypothesis  of  Whitney  and  Nuismer  (II)  has  been  adopted  in  BJSPM.  Laminate 
failure  was  predicted  by  comparing  elastic  stress  distributions  with  material  failure  criteria  on  a  ply-by-ply  basis. 
Various  material  failure  criteria,  such  as  Tsai-HUI  (27),  Hoffman  (28),  Tsai-Wu  (29),  maximum  strew  (23),  and  maximum 
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(train  (2*),  war*  Incorporated  In  the  B35PM.  Analytical  predictions  ot  Joint  strengths  provided  by  the  B3SFM  have  been 
extensively  calibrated  against  experimental  results  (3S,M). 

Opt  Infer  and  Gandhi  (50  presented  the  results  of  stress  distributions  around  a  hole  In  a  pin  loaded  crthotropic  plat* 
by  using  a  two-dimensional  anisotropic  elastic  analysis  which  employed  a  least-squares  bounds*  y  collocation  scheme. 
The  mod*  ol  interaction  between  the  (tin  and  the  plat*  was  described  by  a  radial  displacement  boundary  condition 
corresponding  to  a  rigid  displacement  ot  the  pin  In  the  region  ot  contact  together  with  a  condition  ot  xero  radial  pressure 
outside  the  contact  region  Iteration  techniques  were  used  to  solve  the  non-linear  contact  boundary  conditions  ot  this 
problem.  In  a  related  investigation  by  Opllnger  and  Gandhi  (If),  results  are  presented  which  describe  the  effect  ot 
Coulomb  trtctlon  between  the  pin  and  plate  on  the  radial  and  shear  stress  distributions  around  fastener  hole.  '  These 
result*  are  Illustrated  In  Figure  10  tor  friction  coefficients  ranging  from  0  to  0.).  Significant  effects  ot  friction  on 
stress  distributions  are  displayed  In  Figure  10. 

2.3  Fatigue  Ufa  Prwdfctkn  Methodology 

There  are  basically  tour  methodologies  adopted  for  predicting  composite  fatigue  behaviour.  These  methodologies 
•ret  (I)  empirical  correlation,  (2)  cumulative  damage  model,  (3)  residual  strength  degradation  model,  and  (b)  tensor 
polynomial  failure  criterion.  The  empirical  approach  has  been  extensively  applied  In  fatigue  life  prediction  ot 
mechanically  fastened  Joints  In  composite  structures.  Only  limited  experimental  verifications  of  the  accuracy  of  fatigue 
Ilf*  prediction  for  composite  mechanically  fastened  Joints  have  been  carried  out  for  the  remaining  three  methodologies. 
A  review  of  the  four  fatigue  Ilf*  prediction  methodologies  lx  presented  in  the  following! 

(1)  Empirical  methods  -  current  state-of-the-art  fatigue  verification  approaches  for  composite  structures  employ 
spectrum  fatigue  tests  on  components/speclmens  representative  ot  specific  design  details  (SO).  These  empirical  methods 
are  extensively  applied  <ki*  to  a  lack  of  confidence  In  existing  analytical  composite  fatigue  life  prediction  procedures 
which  still  require  more  experimental  calibration.  In  all  modem  military  aircraft  that  contain  extensive  composite 
contents  In  their  primary  and  secondary  structural  components  tag.  B-l,  F-13,  F-1&,  F-1S,  AV-IB),  empirical  methods 
have  been  used  extensively  to  assess  the  effects  ot  cyclic  loading  on  composite  fatigue  life  In  order  to  comply  with 
various  military  durability  specifications  such  as  MIL-A-M6&,  MIL-A-IJM*  and  MU.-4  TD-1J30A  (61-66).  It  has  been 
postulated  that  sufficient  fatigue  life  can  be  achieved  by  composite  structures  designed  to  satisfy  static  strength 
requirements  (O).  For  the  composite  wings  ol  the  F-l  I  and  the  advanced  Harrier  aircraft  (AV-tB),  the  maximum  design 
strain  level  has  been  limited  by  McDonnell  Douglas  Aircraft  Company  In  the  range  of  S000  to  3000  um/m.  These  design 
strain  levels  have  been  developed  to  accommodate  the  stress  concentration  effects  of  fastener  holes  and  also  serve  to 
provide  an  inherent  damage  tolerant  structure  (63). 

Moat  research  and  development  programs  on  composite  fatigue  have  also  emphasised  experimental  Investigations. 
Conclusions  and  recommendations  reached  In  these  studies  have  been  based  on  empirical  curves  fitted  through  data. 
Generally,  physical  understanding  of  the  failure  mechanism  Involved  Is  not  Included.  This  makes  the  extrapolation  of 
curves  very  difficult  or  even  meaningless.  Most  published  fatigue  data  have  been  on  unnotched  laminates  or  laminates 
with  an  unloaded  hole.  Relatively  little  fatigue  data  exist  on  composite  mechanically  fastened  joints.  Of  the  existing 
data,  results  are  often  for  specialized  specimen  design,  lay-up,  or  test  conditions  (67, bS). 

(2)  Cumulative  damage  model  -  Miner's  linear  cumulative  damage  rule  Is  the  most  commonly  applied  cumulative 
method  for  analyzing  composites  because  ot  its  relative  simplicity.  This  method  requires  only  constant  amplitude 
fatigue  data  (S-N  curves)  for  the  applied  stress  ratios  in  the  spectrum  in  order  to  predict  fatigue  life.  A  simplistic 
spectrum  fatigue  life  prediction  piocedure  far  composites  using  Miner's  rule  is  illustrated  in  Figure  13. 

There  are  disagreements  reported  in  the  literature  regarding  the  accuracy  of  the  composite  fatigue  life  prediction 
using  Miner's  rule.  In  some  cases,  it  has  been  reported  that  Miner's  rule  is  grossly  unconservative  in  predicting  life  of 
composite  materials  (*9,70),  Others  have  found  it  to  be  an  adequate  technique  for  preliminary  design  studies  (71).  An 
investigation  at  McDonnell  Douglas  Aircraft  Company  (1)  has  found  that  Miner's  rule  is  adequate  to  gauge  the  severity  of 
spectra  variations. 

The  large  amount  of  scatter  In  composite  fatigue  life  may  be  the  main  reason  for  unreliable  analytical  predictions 
that  have  led  to  disputable  conclusions.  One  of  the  inejor  difficulties  in  developing  a  composite  fatigue  life  prediction 
method  is  to  provide  sufficient  replicate  testing  in  order  to  establish  statistical  scatter  factors  to  account  for  the 
variability  of  composite  fatigue  life. 

(3)  Residuai  strength  degradation  model  -  Yang  (72)  derived  a  residual  strength  degradation  model  to  predict  the 
fatigue  Ut*  of  composites.  This  model  was  derived  based  on  the  assumption  that  residuai  strength  is  a  monotonically 
decreasing  function  of  the  applied  load  cycles.  Veibuil  statistical  procedures  are  used  in  this  model  to  predict  residual 
strength  and  fatigue  Ufe.  Parameters  required  in  the  analysis  are  derived  from  static  and  constant  amplitude  fatigue  (S- 
N  curves)  test  data.  Once  these  parameter*  are  derived,  probability  of  survival  curves  can  be  generated.  The  major 
limitation  of  this  approach  is  in  the  basic  assumption  of  continuously  decreasing  residual  strength  which  makes  the  model 
Incapable  ot  accounting  for  Initial  strength  Increases  that  have  been  observed  in  many  investigations  on  fatigue  of 
composites  (73). 

(S)  Tensor  polynomial  failure  criterion  -  Tennyson  et  ai.  (30)  have  extended  the  application  ot  the  tensor 
polynomial  failure  criterion  from  static  strength  prediction  to  the  fatigue  ilfe  prediction  of  composite  laminates  Unlike 
static  strength  parameters,  the  fatigue  strength  parameters  are  not  constants,  but  rather  are  functions  of  the  free  ency 
of  loading  (n),  tht  number  of  cycles  (N)  and  the  stress  retio  R  *  <7mln/  <7 max,  l.e.  F  *  P(n,N,R).  "Fatigue  funevions" 
required  to  predict  the  fatigue  life  ot  a  laminate  tmder  uniaxial  tension  and  compression  cyclic  loading  conditions  with 
constant  frequency  and  R  ratio  have  been  established  tor  the  plane  stress  condition  and  Implemented  into  a  quadratic 
formulation  of  the  tensor  polynomial  failir*  criterion  (30).  The**  fatigue  functions  <vere  established  based  on  results 
from  tension  and  compression  tests  in  both  the  fiber  (1)  and  transverse  (2)  directions,  as  well  as  pure  shear  in  the  1-2 
plan*.  Applications  of  this  model  to  predict  fatigue  Ilf*  ot  "flawetf*  and  "<mflawed"  graphite/epoxy  laminates  for 
uniaxial  load  cases  In  hot/wet  environments  wit),  thermal-spike  cycle*  were  attempted  and  some  encouraging  results 
were  reported  (30).  Current  work  Involves  applying  this  model  to  predict  the  fatigue  Ufe  of  graphite/epoxy  laminates 
under  random  FAISTAFP  loading  conditions.  Some  experimental  data  using  a  iotr  point  bending  specimen  have  been 
generated. 
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Rotem  (74)  has  established  a  general  fatigue  failure  criterion  also  based  on  experimentally  determined  "fatigue 
functions"  for  multidirectional  laminates.  "Fatigue  functions"  that  account  for  delaminatlan  have  also  been  developed. 
The  effect  of  temperature  is  accounted  for  by  experimentally  determined  "shifting  factors"  for  the  "fatigue  functions" 


Presently,  It  Is  uncertain  which  methodologies  provide  the  most  reliable  predictions,  and  under  what  conditions 
they  are  reliable.  Thus  It  is  Important  for  the  reliability  aspects  of  the  fatigue  prediction  methodologies  discussed 
earlier  to  be  evaluated.  Until  this  Is  complete,  it  remains  a  difficult  task  for  designers  or  researchers  to  select  a 
methodology  than  can  provide  reliable  fatigue  life  predictions  under  their  specifi ;  requirements  and  conditions  of 
Interest. 

3.0  EXPERIMENTAL  INVESTIGATIONS 

In  the  process  of  preparing  this  review,  it  was  observed  that  the  majority  of  the  published  work  on  omposite 
mechanically  fastened  joints  Included  comparisons  of  experimental  results.  This  is  mainly  due  to  the  fact  that 
experimental  investigations  are  often  required  to  characterize  the  complicated  behaviour  of  composite  mechanically 
fastened  joints  which  cannot  be  treated  solely  by  the  analytical  methodologies  described  in  the  previous  section. 

State-of  -the-art  empirical  approaches  In  composite  joint  strength  analysis  represent  an  alternative,  often  regarded 
as  on  expensive  one,  to  the  detailed  stress  distribution  analysis  described  in  the  previous  section.  Through  tests  on  design 
oriented  composite  specimens,  the  failure  strength  of  a  specific  mechanically  fastened  joint  as  influenced  by  parameters 
such  as  geometry,  lay-up,  percent  of  load  transferred  in  joint  through  bearing  and  by-pass  etc.,  Is  assessed.  However,  it 
Is  obvious,  In  view  of  the  very  large  number  of  variables  involved,  and  their  effect  on  each  other,  that  a  complete 
characterization  of  a  general  joint  behaviour  is  impractical.  Rather,  the  current  approach  is  to  determine  as  thoroughly 
as  possible  the  behaviour  of  a  few  basic  joints  in  a  limited  number  of  material  systems  and  to  hopefully  infer  the 
influence  of  the  more  Important  parameters  from  which  the  behaviour  of  other  joints  and  mate-ials  can  be  predicted  by 
empirical  design  methods.  Hart-Smith's  work  is  an  example  of  a  comprehensive  experimental  Investigation  of  some 
mechanically  fastened  joints  in  graphite/epoxy  composites  where  experimental  results  were  generated  to  establish 
empirical  formulae  and  design-analysis  procedures  (76). 

Experimental  resilts  are  also  generated  in  order  to  complement/verify  analytical  results  obtained  by  methodologies 
described  In  the  previous  section.  The  advantage  of  this  is  that  once  an  analytical  methodology  has  been  well  calibrated 
against  experimental  results,  it  can  be  used  to  predict  composite  mechanically  fastened  joint  strengths  and  thus  reduce 
the  high  cost  of  experimental  assessment  in  new  design  applications. 

In  the  following  sub-sections,  experimental  results  and  conclusions  obtained  from  published  literature  relating  to 
the  effects  of  various  parameters  on  composite  mechanically  fastened  joints  arc  presented  and  discussed.  For 
convenience,  the  parameters  are  arbitrarily  divided  into  three  groups: 

(1)  Material  parameters:  fiber  type  and  form  (unidirectional,  woven  fabric  etc.),  resin  type,  fiber  orientation  and 
stacking  sequence. 

(2)  Fastener  parameters:  fastener  type,  fastener  size,  clamping  force,  washer  size,  hole  size,  and  tolerance. 

(3)  Design  parameters:  joint  type,  laminate  thickness,  geometry  (pitch,  edge  distance,  hole  pattern,  etc.)  load 
direction,  load  mode  (static  or  cyclic),  and  failure  definition. 

3.1  Material  Parameters 

Fibrous  composites,  in  most  secondary  and  primary  aeronautical  applications,  are  gener’ily  manufactured  by 
stacking  layers  of  prepreg  consisting  of  reinforcing  fibers  embedded  in  a  resin  matrix.  Graphite,  Kevlar  or  glass  fibers 
and  epoxy  resins  are  common  ingredients  used  in  producing  laminates.  The  reinforcing  fibers  are  arranged  in  either 
unidirectional  or  woven  format  in  a  single  ply  of  prepreg  where  they  are  saturated  with  resin  material.  This  resin  matrix 
serves  to  bind  the  fibers  together  and  transfer  loads  to  the  fibers. 

The  mechanical  behaviour  and  failure  mode  of  composite  mechanically  fastened  joints  are  dependent  upon  the 
orientation  and  stacking  sequence  of  plies  in  the  laminates.  In  their  work  on  unloaded  holes  in  laminates,  Ryblcki  and 
Schmuerer  (79),  and  Pagano  and  Pipes  (80)  demonstrated  that  the  stacking  sequence  of  piles  affects  the  interlaminar 
normal  and  shear  stresses  around  the  unloaded  hole  and  hence,  by  inference,  the  strength  of  a  loaded  hole  in  a  composite 
mechanically  fastened  joint.  In  order  to  reduce  these  matrix  stresses  which  are  responsible  for  delamination  at  the 
fastener  hole  or  other  free  edges,  It  is  Important  to  Intersperse  the  ply  orientations  thoroughly  In  the  laminates  such  that 
the  number  of  parallel  adjacent  plies  are  minimized  (76). 

The  effect  of  stacking  sequence  on  the  bearing  strength  of  composite  bolted  joints  was  Investigated  experimentally 
by  Garbo  and  Ogonowski  (56)  and  Ramkumar  and  Tossavalnen  (77)  by  grouping  plies  with  the  same  fiber  orientation 
together  in  the  laminates.  Both  groups  of  investigators  found  that  the  bearing  strength  decreased  when  the  percentage 
of  the  parallel  adjacent  piles  with  the  same  fiber  orientation  was  increased.  Quinn  and  Matthews  (78)  investigated  the 
effect  of  stacking  sequence  in  glass  fiber-reinforced  plastics.  They  showed  that  placing  90“  piles  perpendicular  to  the 
load  direction  at  or  near  the  surface  improved  the  pin  bearing  strength. 

The  -ffect  of  orientation  of  plies  or  lay-up  on  the  bearing  strength  of  composite  mechanically  fastened  joints  has 
been  invest  gated  by  several  authors.  Collins  (81),  whose  work  covers  bolted  joints  in  graphlte/epoxy  composites, 
concluded  tnat  for  optimum  bearing  properties,  more  than  33%  but  less  than  80%  of  0“  piles  fl.e.  parallel  to  the  load)  are 
required,  the  balance  being  made  up  of  +45*  plies  to  provide  transverse  integrity  to  the  composite  bolted  joint.  He  also 
concluded  that  optimum  tensile  properties  were  obtained  when  the  ratio  of  0*  to  43“  plies  was  2:1  whilst  optimum  shear 
strengths  required  a  ratio  of  1:1.  Matthews  et  al.  (83)  performed  tests  on  composite  riveted  joints  and  concluded  that 
the  bearing  strength  is  significantly  higher  for  the  0“/+45*  lay-up  than  for  the  90“/+45“  lay-up. 

Ramkumar  and  Tossavalnen  (77)  investigated  the  effect  of  lay-up  on  the  strength  of  laminates  that  were  bolted  to 
metallic  plates  using  a  single  fastener.  They  tested  laminates  that  were  fabricated  using  nonwoven  AS1/3301-6 
graphlte/epoxy  material  with  lay-ups  that  ranged  from  a  fiber-dominated  lay-up  to  a  matrix-dominated  lay-up.  Tliey 
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found  th»t,  under  compression  loading,  the  failure  strain  Increased  with  an  increase  In  the  percentage  of  +*3*  piles  while 
the  gross  compressive  strength  and  hearing  strength  decreased  with  an  increase  of  the  percentage  +4  3*  plies.  Their 
compression  test  results  and  tension  test  results  are  presented  in  Figure  1*  and  13  respectively.  They- observed  that  the 
failure  mode  chafed  from  the  shear-out  mode  to  local  bearing  failure  mode  when  the  percentage  of  ±43*  piles  was 
Increased  from  40%  to  60%  under  tension  loading.  However,  under  compression  loading,  they  found  that  failure  mode 
was  insensitive  to  lay-up  and  specimens  tested  always  tailed  In  the  local  bearing  mode. 

The  mode  of  failure  is  alto  Influenced  by  |olnt  geometry.  This  aspect  will  be  discussed  In  sub-section  3.3. 

It  Is  recognised  that  s  high  stress  concentration  factor  exists  at  the  fastener  hole  of  a  composite  mechanically 
fastened  Joint.  Derg  (S3)  emphasized  that  because  most  composite  materials  are  Incapable  of  yielding,  local  load 
redistribution  at  the  fastener  hole  can  only  be  achieved  by  fit  :  fracture.  The  distribution  of  stresses  at  the  fastener 
hole  is  Influenced  by  the  lay-up  of  the  laminates.  Codings  (St)  suggested  the  inclusion  of  ±43*  plies  In  order  to  reduce 
the  stress  concentration  at  the  fastener  hole. 

Hybrid  laminates  can  also  be  used  to  reduce  the  sensitivity  to  stress  concentration.  Hart-Smith  (76)  replaced  some 
of  tie  graphite  fibers  whioi  were  aligned  with  the  load  direction  with  S-gtass  fibers.  Mechanically  fastened  joint 
specimens  fabricated  from  these  glass/graphite  hybrid  laminates  were  consistently  as  strong  or  stronger  than  the 
equivalent  all-graphite  specimens  when  tested  under  tension  loading.  However,  because  of  a  lower  modulus  for  the  glass 
fibers  with  respect  to  the  graphite  fibers,  the  stabilization  of  compresstvely  loaded  Joint  specimens  was  found  to  be  a 
problem.  The  failure  mode  of  the  glass/graphlte  was  almost  exclusively  associated  with  local  bearing  failures  rather 
than  the  potentially  catastrophic  tenslon-through-the-hole  failure  which  was  common  for  many  of  the  all-graphite 
specimens. 

The  experimental  results  discussed  here  are  essentially  based  on  conventional  material  systems  composed  of 
graphite  fibers  of  moderate  modulus  and  first  generation  brittle  resin  materials  (The  classification  of  resin  materials  is 
according  to  Johnston  (83)).  Advanced  composite  material  systems  composed  of  high  strain  graphite  fibers  snd  second 
generation  tough  resin  materials  are  now  being  manufactured  by  the  composites  industry.  A  survey  was  conducted  by 
Canadalr  Ltd.  (86)  on  the  types  of  advanced  material  systems  which  are  being  examined  by  the  aeronautical  industry  for 
the  next  generation  of  aircraft.  As  indicated  by  the  survey  report  of  Canadalr  Ltd.,  the  tensile  strengths  and  the 
compressive  strengths  of  the  advanced  composite  materials  are  significantly  higher,  by  as  much  as  87%  and  22% 
respectively,  relative  to  those  of  the  conventional  baseline  systems.  The  most  important  improvement  of  the  newer 
composites  over  the  conventional  composites  appears  to  be  the  post-impact  performance.  Unfortunately,  there  is  no 
mechanically  fastened  joint  data  available  currently  in  the  published  literature  for  these  newer  material  systems. 

3.2  Fastener  Parameters 

Many  types  of  fastener  are  used  in  aerospace  manufacturing.  Some  common  types  are  screws,  rivets  and  bolts. 
Each  type  of  fasteners  can  be  offered  in  a  wide  variety  of  dimensions,  configurations  and  materials.  The  selection  of 
fasteners  depends  on  the  type  of  applications.  In  general,  screws  give  the  lowest  load-carrying  capacity  and  tend  to  be 
of  little  use  in  a  primary  structural  role.  Both  rivets  and  bolts  offer  adequate  strength  in  composite  joints  for  medium  to 
high  load  transfer  applications. 

In  composite  structure,  some  parameters  which  affect  the  selection  of  fasteners  are  edge  and  side  distances,  hole 
diameter,  laminate  thickness,  fiber  orientation,  laminate  stacking  sequence,  and  the  type  of  material  systems  being  used. 
For  example,  composite  laminate  thickness,  materia!  and  location  in  an  airframe  structure  are  factors  to  be  considered 
in  determining  whether  a  blind  or  two-piece  fastener  is  selected.  If  the  material  stack-up  has  a  thin  top  sheet,  the  hole 
countersink  configuration  and  the  head  configuration  of  the  fastener  become  important  considerations. 

Composite  materials  pose  special  problems  for  mechanical  fastening  because  of  their  peculiar  properties.  In  their 
survey  report  on  fasteners  for  composite  structures  (88),  Cole  et  at.  identified  four  primary  problems:  (1)  galvanic 
corrosion;  (2)  galling;  (3)  installation  damage;  and  (4)  low  pull-through  strength.  The  nature  of  these  problems  and  the 
design  of  fasteners  to  circumvent  them  are  discussed  below: 

(1)  Galvanic  corrosion;  the  basic  force  of  the  galvanic  corrosion  reaction  is  the  difference  in  electrode  potential 
between  the  graphite  fibers  and  the  metals.  The  less  noble  metals  may  corrode  when  mechanically  fastened  to  graphite 
fiber  composites.  One  solution  is  to  cover  the  fastener  with  a  protective  coating.  Prince  (87)  performed  a  comparison  of 
the  effectiveness  of  different  coatings  to  protect  against  galvanic  corrosion.  He  concluded  that,  when  flawed,  coatings 
are  inadequate  to  provide  protection  against  corrosion. 

A  more  effective  solution  to  the  corrosion  problem  is  to  select  compatible  materials  for  the  fasteners.  For  this 
purpose,  a  galvanic  compatibility  chart,  shown  in  Figure  16,  is  used.  This  chart  ranks  nobility,  or  resistance  to  galvanic 
corrosion  of  fastener  metals  In  a  graphite  based  composite.  Titanium  is  one  of  the  most  noble  metals,  and  so  titanium 
and  titanium  alloys  offer  excellent  corrosion  resistance  when  used  with  graphite  composite. 

A  special  composite  fastener,  made  of  both  graphite/polyimide  and  glass/epoxy  composites,  has  been  developed  to 
provide  total  compatibility,  low  weight,  and  low  cost  (88).  The  most  serious  disadvantage  of  this  type  of  fastener  Is  tlw 
lack  of  reliability  of  the  adhesive  bond  which  holds  the  two-piece  fastener  together. 

(2)  Galling  -  Galling  problems  are  encountered  when  nuts  fabricated  with  either  titanium  or  A286  ORES  steel  are 
used  with  titanium  bolts,  such  as  the  cothmon  Hi-Lok  system  (88).  A  lock-up  situation  occurs  during  Installation  prior  to 
the  development  of  the  desired  preload^  McDonnell-Douglas  has  successfully  eliminated  this  problem  in  the  F-1S  and 
AV-8B  programs  by  applying  suitable  lubricants  (88).  Galling  problems  were  also  encountered  In  the  Lockheed  L1011 
Advanced  Composite  Vertical  Fin  program.  The  solution  was  to  use  stainless  steel  nuts  (Type  303)  to  replace  A286  CRES 
steel  or  titanium  nuts  (88).  Other  solutions  to  the  galling  problem  Include  the  use  of  free  running  nuts,  as  In  the  Eddie 
Bolt  system,  and  swaged  collar  fasteners  such  as  the  Groove  Proportional  Lockboit  (GPL)  made  by  Huck  Manufacturing 
Company. 

(3)  Installation  damages  the  procedure  for  Installation  of  fasteners  In  metallic  structures  often  uses  high  preload 
and  interference-fit  to  obtain  strength  and  durability  Improvements  In  the  joint.  Experience  has  shown  that  using  the 
same  fasteners  and  procedures  in  composite  structures  can  produce  unacceptable  damage.  Before  the  installation  of 
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fasteners,  hole*  mutt  be  cleanly  drilled  through  the  composite  structure.  This  is  not  an  easy  task  because  composites  are 
prone  to  fraying  within  the  hole  and  to  splintering  on  the  exit  side  of  the  hole  as  a  result  of  the  drilling  operation! 
consequently,  special  drill  bits  and  procedure  different  from  those  used  in  metal  drilling,  are  required  in  order  to  avoid 
introducing  any  local  weakening  of  the  composite  structure.  While  the  fastener  Is  being  installed  into  the  hole,  its 
rotation  is  not  recommended  because  this  would  lead  to  breaking  and  lifting  of  fibers  from  the  surface.  Also,  axial 
misalignment  of  fastener  in  the  hole  could  lead  to  damage.  For  example,  misalignment  of  a  blind  fastaner  during 
installation  could  cause  the  blind  head  to  dig  into  the  surface  of  the  hidden  side,  crushing  or  delaminating  the  composite 
skin. 


Several  manufacturers  have  introduced  fastener  designs  which  have  significantly  facilitated  their  installation  in 
composite  structures.  Figure  17  shows  a  typical  design  approach  and  Installation  sequence  of  a  blind  fastener.  Normally, 
hydraulic  or  pneumatic  tools  are  used  to  Install  the  fastener  after  it  has  been  Inserted  into  a  prepared  hole.  An  axial 
pulling  force  is  applied  to  cause  a  sleeve  to  form  an  expanded  head  on  the  blind  side.  This  head  expansion  is 
accomplished  by  buckling  the  sleeve  either  against  the  composite  structure  or  against  a  shoulder  on  the  fastener  shank. 
The  fastener  is  designed  to  ensure  hole  fill-in  and  axial  alignment  during  installation.  Mechanical  locking  is  achieved 
when  the  head  is  secured  against  the  blind-side  surface.  A  break  groove  is  normally  designed  into  the  stem  so  that  it 
fractures  after  a  certain  level  of  clamping  force  has  been  reached. 

Figure  18  illustrates  some  unique  features  of  a  special  blind  fastener  designed  to  overcome  the  problem  of  crushing 
the  surface  near  the  edge  of  the  fastener  hole  as  a  result  of  buckling  the  sleeve  directly  against  the  composite  structure. 
It  has  a  washer  element  between  the  corebolt  and  the  sleeve,  and  It  is  independent  of  both.  The  washer  is  driven  over 
the  tapered  end  of  the  nut  and  it  expands  to  its  final  diameter.  The  formed  washer  is  then  seated  against  the  joint 
surface  by  the  continued  advance  of  the  sleeve  and  the  corebolt.  The  unique  feature  of  this  fastener  is  that  its  blind 
head  is  formed  by  expanding  its  washer  element  to  the  desired  diameter  before  engaging  the  sheet  surface)  consequently, 
there  is  no  surface  pressure  brought  to  bear  on  the  composite  structure  to  cause  any  crushing  damage.  A  straight  axial 
load  is  applied  to  deliver  the  required  clamping  farce,  so  there  is  no  spinning  action  between  fastener  and  structure 
which  could  cause  fibers  to  separate. 

Figure  19  illustrates  the  installation  sequence  of  a  two-piece  iockbolt  fastener  for  solid  composite  laminates.  The 
fastening  principle  is  based  on  the  straight  line  tension/tension  or  swaged  collar  concept  which  minimizes  the  tendency 
of  crushing  the  surface  of  the  composite  laminates.  Furthermore,  this  swaging  action  fills  the  annular  locking  grooves  on 
the  pin  with  the  collar  material  to  form  a  permanent  lock)  thus  the  rotation  of  the  nut  is  eliminated.  This  type  of 
Iockbolt  fastener  is  designed  for  installation  in  clearance  or  interference  fit  conditions. 

The  nut  tightening,  collar  swaging  or  tail  forming  during  the  installation  of  a  fastener  exerts  a  clamping  force  or 
p'eload  on  the  composite  sheets  being  joined.  Because  of  the  low  through-the-thickness  shear  and  compressive 
properties  of  composites,  high  preload  may  result  in  composite  crushing.  In  order  to  achieve  higher  preloads  to  improve 
joint  performance  while  minimizing  the  possibility  of  crushing  damage,  fasteners  are  designed  with  enlarged  "footprints," 
which  refer  to  the  bearing  area  of  the  nut,  collar  or  tail,  and  enlarged  heads  (Figure  20).  Both  serve  to  provide  a  larger 
area  over  which  the  preload  can  be  spread.  This  increases  the  performance  of  the  joint  by  allowing  higher  preloads  to  be 
achieved  which  lead  to  improved  shear  strengths  to  resist  fastener  cocking  associated  with  eccentric  loads  and  improved 
tensile  strengths  to  prevent  fastener  pull-through.  In  addition,  higher  preloads  increase  the  fatigue  life  of  composite 
mechanically  fastened  joints  (56). 

The  low  interlaminar  strength  of  composite  materials  often  leads  to  delamination  of  the  plies  on  the  backside  of 
the  laminate  when  fasteners  are  forced  Into  an  interference-fit  hole.  Also,  experience  with  fiberglass  has  shown  that 
when  rivets  are  installed  to  completely  fill  the  hole  by  shank  expansion,  ply  delamination  and  buckling  occur  at  the  hole 
boundary.  These  difficulties  have  led  to  the  general  requirement  for  all  material  systems  that  only  clearance  fit  (-0.000 
to  +0.102  mm)  fasteners  are  used  in  composite  structures  (88).  However,  interference  fit  is  desirable  in  composite  joints. 
Sendeckyl  and  Richardson  (89)  demonstrated  that  increasing  the  level  of  interference  in  a  graphite/epoxy  joint  increases 
the  fatigue  life.  Interference  is  also  required  to  increase  the  load-sharing  capability  in  a  joint  with  multiple  rows  of 
fasteners,  to  prevent  fuel  leakage  in  fuel  tank  area,  and  to  provide  the  reactive  torque  needed  for  one-sided  Installations 
of  blind  fasteners. 

Several  manufacturers  have  produced  special  fasteners  for  interference  installations.  Grumman  (88)  developed  the 
stress-wave  rivet  system  for  installation  of  titanium  and  A-286  CRE5  steel  rivets  in  composite  structure  wilh  up  to  .203 
mm  interference.  The  rivet  deformation  In  the  system  is  caused  by  a  stress  wave  which  causes  the  material  to  flow 
outward  in  all  directions  simultaneously.  The  damage  Is  limited  by  this  simultaneous  tail  formation  and  hole  filling 
action.  Huck  Manufacturing  Company  has  developed  the  HUCK-T1TE  titanium  interference  fit  Iockbolt.  This  fastener 
can  be  Installed  conveniently  with  s+sndard  Installation  tooling  developed  by  Huck.  The  installation  procedure  is 
illustrated  in  Figure  19.  The  sleeve  of  this  fastener  is  expanded  into  an  Interference  fit  hole  during  installation; 
consequently,  an  Intimate  contact  is  established  between  the  fastener  and  the  hole  which  forms  a  water  intrusion  barrier 
to  prevent  fuel  leakage  without  the  application  of  a  sealant  and  also  provides  electrical  continuity  to  prevent  arcing. 

(9)  Low  pull-through  strengthi  the  pull-through  strength  of  a  fastener  for  composite  structures  is  shown  to  be  a 
function  of  the  size  of  the  "footprint"  and  the  outside  diameter  of  the  head  as  illustrated  in  Figure  20.  An  improvement 
in  the  pull-through  strength  can  be  achieved  by  using  fasteners  with  enlarged  "footprints"  and  enlarged  heads.  In  the 
case  of  blind  fasteners,  many  engineers  feel  that  the  blind  head  should  be  expanded  1.9  times  the  shank  diameter  instead 
of  the  1.2  times  used  for  typical  metal  fastening  (108).  The  configuration  of  the  herd  also  has  significant  effect  on  the 
pull-through  strength.  Boeing  has  found  that  the  130*  shear  head  can  support  30%  more  load  than  the  100*  shear  head 
because  of  the  improved  bearing  surface  area  (88).  Lockheed-Georgia  Company  compared  the  performance  of  four  head 
configurations  (100*  shear,  100’  tension,  120*  shear  and  130*  shear)  on  the  basis  of  pull-through  strength  and  fatigue. 
The  results  of  the  comparison  Indicated  that,  for  sufficiently  thick  composite  structure  where  the  thickness  is  in  excess 
of  the  fastener  head  height,  the  100”  tension  flush  head  fastener  is  the  best  among  the  four  configurations  tested  (88). 

3.3  Design  Parameters 

In  the  primary  and  secondary  structures  of  aircraft  components  that  utilize  composite  materials,  mechanically 
fastened  joints  of  various  composite-to-composite  or  composite-to-metal  designs  can  be  found  (90,  91).  Although  these 
joints  may  be  complex  in  appearance,  each  can  be  genericaily  modelled  as  simple  single  or  double  lap  specimen. 
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In  selecting  the  type  and  configuration  of  a  loint  specimen,  the  following  design  parameters  that  reflect  the 
structural  joint  requirements  must  ua  considered)  (1)  geometry,  (2)  hole  pattern,  (3)  hole  size,  (4)  laminate  thickness, 
(3)  load  eccentricity,  (6)  fastener  load  direction,  and  (7)  failure  definition.  The  results  of  the  survey  with  respect  to 
these  design  parameters  are  presented  In  the  following  sub-sections. 

3.3.1  Geometrical  Effects 

The  convention  adopted  In  this  review,  which  Is  similar  to  that  suggested  as  a  standard  by  Kutscha  and  Hofer  (92), 
is  shown  in  Figure  21. 

The  effect  of  end  distance  (e)  has  been  Investigated  by  a  number  of  authors  and  they  all  agree  that  a  certain 
minimum  value  of  the  e/c*  ratio  Is  required  to  develop  full  bearing  strength.  Ramkumar  and  Tossaveinen  (77)  investigated 
the  strength  of  bolted  la. nl nates  using  ASI/3301-6  graphlte/epoxy  unidirectional  prepreg  material.  They  concluded  that 
the  bearing  strength  of  all  the  lay-upe  Increases  with  e/d  ratio  to  a  value  of  4  or  J,  beyond  which  the  bearing  strength  is 
relatively  Invariant.  The  30/40/10  lay-up,  where  the  number  indicates  the  percentage  of  the  0*,  ±43*  and  90*  fiber 
orientation  in  the  laminate  respectively,  exhibits  a  shear-out  mode  of  failure  when  e/d  £  3.  For  e/d  >  3,  the 
laminate  exhibits  a  local  bearing  mode  of  failure.  The  70/20/10  lay-up  exhibits  a  total  shear-out  mode  of  failure  for  e/d 
values  below  3.  Callings  (16)  in  his  work  on  bolted  Joints  in  CFRP  showed  that  for  an  all  +43*  lay-up,  the  minimum  e/d 
ratio  required  for  the  development  of  full  bearing  strength  in  the  laminate  Is  3,  whereas  for  a  pseudo-isotropic  lay-up, 
the  minimum  e/d  ratio  is  3.  M1L-HDBK  17A  (93)  quotes  a  minimum  e/d  ratio  of  4.3  for  0/43*  lay-up. 

The  width  effects  In  single  hole  joint  specimen  have  also  been  investigated  in  conjunction  with  the  end  effects. 
The  results  obtained  from  single  hole  joints  are  often  used  to  predict  the  pitch  distance  effects  in  multi-hole 
arrangements.  This  Is  done  by  representing  Individual  bolts  isolated  from  a  single  row  in  a  strip  of  a  width  equal  to  the 
bolt  pitch.  Ramkumar  and  Toesavalnen  (77)  showed  that  for  w/d  >  6,  the  bearing  strength  remains  relatively  constant. 
When  w/d  <.  4,  the  failure  inode  Is  primarily  a  net  section  failure  across  the  hole.  For  w/d  >4,  the  failure  mode  is 
primarily  a  partial  or  a  total  shear-out  of  the  30/40/10  laminate.  For  the  same  w/d  ratio,  the  30/60/10  laminate  fails  in 
a  local  bearing  mode.  Codings  (16)  suggested  minimum  w/d  of  8  and  3  for  +43*  and  pseudo-isotropic  lay-ups 
respectively,  if  full  bearing  strength  is  to  be  developed.  Matthews  et  al  (32)  showed  That  for  0/+45*  lay-ups  in  CFRP  a 
minimum  w/d  of  4  is  needed. 

3.3.2  Hole  Pattern 

The  preceding  sections  have  dealt  with  single-bolt  Joints  where  failure  can  be  defined  uniquely  in  terms  of  bolt  load 
alone.  In  most  practical  applications,  however,  this  is  not  the  case  because  the  load  is  frequently  transferred  in  multi¬ 
row  fastener  patterns,  such  as  at  a  cho+dwise  sp'ice  in  a  wing  skin,  or  along  a  bolt  seam  aligned  with  the  dominant  load 
path,  such  as  at  a  wing  spar  cap.  In  such  more  complex  load  situations,  it  is  necessary  to  characterize  both  the  bolt  load 
and  alsc  the  general  stress  field  in  which  the  particular  bolt  under  consideration  is  located. 

Geometrical  parameters  can  influence  the  amounts  of  load  transfer,  as  depicted  in  Figure  22  (110).  The  secondary 
bending  is  created  by  the  load  transfer  in  single  shear  or  otherwise  excentric  joints  even  if  the  external  load  is  free  from 
bending  moment.  Also,  it  is  affected  by  geometrical  changes.  For  a  single  shear  Joint  with  two  rows  of  fasteners,  it  has 
been  demonstrated  that  by  increasing  the  distance  between  the  rows  from  4  cm  to  8  cm,  the  secondary  bending  was 
reduced  by  35%  (110). 

Agarwnl  (94)  investigated  the  behaviour  of  multi-fastener  bolted  joints  in  AS, '3501-5  graphite/epoxy.  His 
experimental  results  Indicated  that  the  net  tension  failure  stress  of  the  joint  is  increased  slightly  (5  to  10  percent)  by 
increasing  the  number  of  fastener  rows.  It  was  also  noted  that  the  net  tension  failure  stress  was  reduced  by  up  to  15 
percent  as  the  number  of  fasteners  in  a  row  was  increased  which  was  suggested  to  be  caused  by  the  specimen  width 
effect.  Hart-Smith  (78),  using  T300/3208  graphite/epoxy,  also  demonstrated  that  for  joint  geometries  producing  tension 
failures  for  a  single  boit,  the  addition  of  further  rows  of  bolts  generally  increases  the  joint  strength  very  little.  He  found 
that  only  when  bearing  failures  occur  do  multi-row  boit  patterns  Increase  the  joint  strength  significantly  above  the 
strength  of  a  single  bolt  row.  He  observed  tnat  the  transition  between  tension  and  bearing  failure  modes  occurs  in  the 
range  of  bolt  pitches  between  .our  and  six  times  the  diameter  of  the  bolt  hole. 

Godwin  et  al  (93)  presented  the  experimental  results  of  multi-bolt  joints  In  glass-reinforced  plastics.  It  was  shown 
that  bolts  In  a  row  develop  full  bearing  strength  at  pitches  of  more  than  six  diameters.  At  small  values  of  pitch  in  a  wide 
panel,  it  was  suggested  that  the  joint  strength  could  be  increased  by  increasing  tlte  end  distance  to  suppress  shear-out 
failure.  It  was  also  observed  that  no  substantial  improvement  in  strength  is  gained  by  using  staggered  rows  of  bolts. 
They  suggested  that  the  joint  geometry  that  optimizes  the  joint  strength  is  a  single  row  of  bolts,  at  a  pitch  of  2.5 
diameters  and  an  end  distanc'  of  5  diameters.  At  tliese  values,  joint  strength  is  approximately  half  the  gross  panel 
strength,  and  the  failure  modi  is  in  tension  at  the  minimum  section.  They  pointed  out  that  Increased  safety  can  be 
gained  by  increasing  the  pitch  to  3  or  6  diameters  if  there  is  bearing  failure.  In  this  case,  the  net  joint  strength  is  only 
about  one-third  of  the  gross  panel  strength.  This  vaiue  of  pitch  compares  closely  with  that  suggested  by  Hart-Smith  for 
graphite/epoxy. 

3.3.3  Hole  Size 

Garbo  and  Ogonowskl  (56)  investigated  the  effects  of  hole  size  on  composite  bolted  joint  strength  by  applying 
tension  to  the  two-fastener-ln-tandem  double  shear  specimens  and  loading  to  failure,  it  was  shown  that  both  bearing 
strength  and  gross  joint  failure  strain  decrease  with  increasing  hole  diameter  over  the  range  tested.  It  was  observed  that 
all  specimens  failed  in  bearing-shearout,  regardless  of  hole  size.  Ramkumar  and  Tossavainen  (77)  investigated  the  effect 
of  fastener  diameter  on  the  tensile  response  of  a  20  ply,  30/40/10  lay-up  graphite/epoxy  laminate  in  a  single  lap 
configuration.  It  was  shown  that  the  g  oss  tensile  strength  and  the  bearing  strength  of  the  laminate  decrease  when  the 
fastener  diameter  is  increased.  A  similar  trend  is  also  observed  under  static  compression. 

3.3.4  Laminate  Thidoiess 

Garbo  and  Ogonowskl  (56)  also  Investigated  the  effects  of  laminate  thickness  and  fastener  countersink  on 
graphite/apoxy  laminate  bearing  strength.  Their  investigation  covered  a  range  of  laminate  thicknesses  from  20  ply  to  60 
ply  and  three  countersink  depth-to-laminate  thickness  ratios  (0.77,  0.33  and  0.26).  Their  test  specimens  were  of  a  single 
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fastener  In  double  shear  conflgurstion  with  30/40/ 1 0  lay-up  and  waft  loaded  t-  failure  In  both  tention  and  compression. 
The  baarlng  strength  was  shown  to  Increase  with  Increasing  laminate  thickness  from  20  ply  to  (0  ply.  Within  data 
scatter,  it  was  observed  that  the  effects  of  countersink  versus  noncouttarslnk  on  strength  appear  to  be  Insignificant.  For 
pin-loaded  holes,  1*.  no  through-thickness  damping,  Codings  (17)  showed  that  bearing  strength  reduces  as  d/t  increases. 
Ramkumar  and  Tossavalnen  (77)  showed  that  an  Increase  In  the  thickness  of  a  laminate  m  a  single  lap  configuration 
Introduces  additional  load  eccentrldty  and  bolt  flexibility  effucis.  Their  experimental  results  from  tests  on  20-ply  and 
&0-ply  laminates  with  30/40/1 G  lay-ups  demonstrated  that  the  thicker  laminate  strength  was  approximately  3  percent 
lower  than  that  of  the  20-ply  laminates. 

JJ.J  Load  Eccentricity 

In  selecting  a  tingle  lap  joint  specimen  for  an  experimental  program,  joint  eccentricity  effects  must  be  minimised 
or  accotaited  for  because  significant  bolt  bending  can  lead  to  a  lower  joint  strength  due  to  the  eccentricity  In  the  load 
path.  Ramkumar  and  Tossavalnen  (77)  evaluated  the  load  eccentrldty  effects  by  comparing  single  lap  test  results  with 
double  lap  test  results.  The  results  of  the  comparison  indicated  as  much  as  17  percent  and  20  percent  increase  In  the 
gross  tensile  and  bearing  strengths  and  the  gross  compressive  and  bearing  strengths  of  the  laminate,  respectively,  are 
obtained  by  changing  from  a  single  shear  to  a  double  shaar  configuration.  Hart-Smith  (76)  compared  the  experimental 
results  between  single  lap  and  doubla  lap  joints  and  found  a  20  percent  decrease  with  rerr*ct  to  double-shear  strengths. 
He  suggested  that  dua  account  should  ba  taken  of  the  differences  between  single  end  dowele  sheer  bolted  joints  in  the 
analysis  of  practical  aerospace  structures. 

Ut  Fastener  Load  Direction 

Because  of  the  anisotropic  nature  of  composites,  the  bearing  strength  of  composite  laminates  will  vary  with  load 
direction.  This  effect  was  investigated  by  Garbo  and  Ogonowski  (36)  and  hy  Matthews  and  Hirst  (%).  All  material 
systems  evaluated  by  these  Investigators  were  sensitive  to  load  direction.  Figure  23  illustrates  the  changes  In 
circumferential  stress  distributions  around  a  loaded  fastener  hole  In  a  laminate  with  70/20/10  lay-up  as  a  result  of 
shifting  the  direction  of  load  from  0  =  0*  to  0  *  *3*.  The  peak  stresses  no  longer  occur  perpendicular  to  the  load 
direction  and  the  stress  distribution  Is  shifted  and  changed.  The  stress  distribution  for  the  Isotropic  cue  Is  Included  for 
comparison. 

3.3.7  Failure  Definition 

For  composite  bolted  joints,  the  determination  of  baarlng  strength  depends  on  the  definition  of  failure  criterion 
which  can  vary  widely  from,  simply,  the  maximum  load  sustained  by  the  joint  to  a  failure  criterion  baaed  an  the 
deformation  of  the  hole.  3ohnson  and  Matthews  (97),  used  typical  load/extension  plot  of  a  composite  bolted  joint  (see 
Figure  24),  to  suggest  the  following  ways  of  defining  failure  load! 

(a)  The  maximum  load  -  Usually  considerable  damage  will  have  occurred  in  reaching  this  toad  (SI). 

(b)  The  first  peak  in  the  load/extension  plot  -  Damage  sustained  up  to  this  load  is  not  Insignificant.  Almost 
certainly  cracks  will  have  propagated  outside  of  the  washers  (7S). 

(c)  The  load  corresponding  to  a  specified  amount  of  hole  elongation  -  There  Is  little  agreement  u  to  what  value 
should  be  used.  Dastin  (98),  Strauss  (99)  and  Oleesky  and  Mohr  (100)  use  a  value  of  4  percent  of  the  hole 
diameter,  for  glass  reinforced  piastiesi  Webb  (101)  uses  1  percent  for  bolts  and  2  percent  for  rivets  in  CFRP) 
Althof  and  Muller  (102)  use  0.3  percent  for  CFRPj  end  Johnson  and  Matthews  (97)  use  0.4  percent  of  the 
original  diameter  for  glass  fiber-reinforced  plastics.  They  suggested  the  limit  load  corresponding  to  0.4 
percent  elongation  of  hole  diameter  could  be  obtained  from  the  maximum  load  by  using  a  fac:or  of  safety  of 
2. 

(d)  The  load  at  which  the  load/extension  curve  first  deviates  from  linearity  -The  point  at  which  deviation  from 
linearity  occurs  is  usually  difficult  to  establish.  Also  the  slope  of  the  load/extension  curve  may  alter  at  more 
than  one  point  (103). 

(e)  The  load  at  which  cracking  first  becomes  audible  -  Johnson  and  Matthews  (97)  examined  specimens  at  this 
point  and  found  a  few  visible  cracks  around  the  loaded  side  of  the  hole. 

(f)  The  load  at  which  cracking  Is  Initiated  -  This  load  is  probably  quite  low  and  very  difficult  to  determine. 

(g)  The  load  at  which  cracks  become  visible  outside  the  washers  -  Only  one  side  of  the  specimen  is  accessible  for 
visual  detection. 

Some  of  the  loads  defined  above  (d  to  g)  are  subject  to  wide  variability  or  are  difficult  to  determine  objectively. 
The  majority  of  Investigators  adopt  the  first  three  approaches  (a  to  c)  to  define  failure  load. 

Hole  elongation  and  overall  joint  compliance  criteria  based  on  data  obtained  from  load-deflection  hysteresis  curves 
are  often  used  In  fatigue  tests  to  Indicate  the  amount  of  cyclic  damage  accumulation  and  failure  (36,  77). 

3.4  Fatigue  Teat  Results 

Relatively  few  experimental  results  relating  to  fatigue  behaviour  of  composite  bolted  joints  are  available  In  the 
published  literature.  A  brief  reference  to  fatigue  of  glass  fiber-reinforced  plastics  joints  is  available  in  MILHDBK  17A 
(93).  Reliability  of  composlta  joints  is  dlscussad  by  Wolff  and  Lemon  (104)  and  by  Wolff  and  Wilkins  (103).  In  a  special 
fascener  development  program  for  composlta  structures,  Cole  et  al.  (88)  obtained  test  results  using  a  typical  tension- 
dominated  fighter  load  spectrum  for  composite  laminates  mechanically  joined  by  fasteners  with  four  different  flush-head 
configurations.  The  100*  tention  head  fastener  was  found  to  yield  significantly  Improved  fatigue  performance  over  the 
100*  shear,  120*  shear  and  130*  shear  type  fasteners. 

Crews  (109)  investigated  the  bolt-bearing  fatigue  strength  of  graphlte/epoxy  (T300/3208)  laminates.  In  his  study, 
fatigue  tests  were  conducted  for  a  wide  range  of  bolt  clamp-up  torques  using  single  fastener  coupons.  The  specimen 
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width,  w,  and  edgi *  a*tanee,  •.  war*  Mlcctad  tor  w/d  »  8  and  */d  »  *.  Thao*  rttloo  assured  bearing  failir*  rather  than 
n*t-t*n*lon  or  shear-out  failures.  During  all  fatigue  taata,  the  hoi*  elongation  due  to  cyclic  loads  was  monitored  until 
each  spaUman  tailed  in  the  bearing  mod*.  Ultrasonic  C-scan  methods  war*  uaad  tv  examine  the  are*  around  the  bolt 
hoi*  for  daiamlnatlon  damage  dua  to  cyclic  loads.  Bsparlmantal  rasults  indicated  that  belt  damp-up  had  a  banaflclal 
affect  on  th*  fatigue  limit  which  was  Improved  by  as  much  as  100  percent  compared  to  the  pin-bearing  cat*.  The 
explanation  for  this  improvement  was  found  to  ba  th*  through-tha- thickness  compressive  stress**  provided  by  th*  damp- 
up  load.  That*  loads  also  influenced  th*  amount  of  bolt  hoi*  elongation*.  It  was  found  that  high  damp-up  torques 
virtually  eliminated  hole  elongation  during  fatigu*  loading.  C-*c*n  Images  of  specimens  were  obtained  after  20,000 
cycle*  of  (00  MPa  maximum  bearing  stress.  At  this  stag*,  th*  pretence  of  daiamlnatlon  damage  around  th*  hole  was 
recorded.  Also,  s  slight  elongation  of  th*  hole  was  measured.  This  evidence  indicated  th*  Initiation  and  growth  of 
daiamlnatlon*  as  s  result  of  fatigue.  The  permanent  hole  elongation  was  caused  by  localized  dtlamlnationt  which  formed 
a  toft  region  around  the  hoi*.  This  original  stiffness  of  the  laminate  In  this  region  was  reduced  significantly.  The  further 
growth  of  the  delamination  under  cyclic  loads  lad  to  a  bearing  failure  of  th*  laminate*.  In  his  investigation,  Crews  did 
not  attempt  to  establish  any  failure  criterion  for  th*  bearing  mod*.  It  appears  that  existing  models  cannot  predict  the 
initiation,  growth  and  instability  as  a  result  of  daiamlnatlon  under  cyclic  loads  in  composite  laminate*. 

An  evaluation  of  critical  joint  design  variables  on  fatigue  life  was  carried  out  by  Garbo  and  Ogonowykl  (56).  Sevan 
design  parameters  which  have  significant  effects  on  the  static  strength  of  composite  bolted  joints  were  selected  for 
evaluation.  Tension-tension  (R  *  +0.1),  tension-compression  (R  *  -1.0)  constant  amplitude  testing  and  spectrum  testing 
were  performed  using  s  pure  bearing  double-lap  test  specimen.  Hercules  A5/330I-6  graphite/epoxy  was  used  to  fabricate 
the  test  specimens.  A  review  of  the  effects  of  the  seven  variables  on  fatigue  performance  based  on  the  work  of  Garbo 
and  Ogonowskl  is  summarized  be  low  i 

(1)  Lay  -up  -  Three  laminate  variations  were  tested  to  determine  the  relative  fatigue  life  in  terms  of  the  number 
of  fatigue  cycles  required  to  produce  a  0.51  mm  elongation  which  is  about  5.3  percent  of  the  hole  diameter.  For  tension- 
tension  cycling,  the  results  indicated  similar  fatigue  life  for  all  lay-ups.  For  R  >  -1.0,  the  two  matrix-dominant  lay-ups 
(19/76/3  and  10/60/10)  sustained  fewer  load  cycles  prior  to  developing  a  0.31  mm  hole  elongation,  as  compared  to  the 
30/10/10  finer -dominant  lay-up  (Figure  25).  For  spectrum  fatigue  tests,  the  results  showed  no  measurable  hole 
elongation  for  any  of  the  tested  lay-ups  after  testing  to  an  equivalent  of  16,000  service  hours. 

(2)  Stacking  Sequence  -  The  effects  of  stacking  sequence  were  found  to  be  insignificant  with  respect  to  joint 
fatigue  life  under  both  constant  amplitude  and  spectrum  cycling. 

(3)  Fastener  Preload  -  Significant  increases  in  fatigue  strength  were  obtained  by  increasing  the  fastener  preload 
from  0  N.m  to  18  N.m.  Failure  modes  were  observed  to  be  the  same  for  all  the  fastener  torque-up  levels. 

(1)  Joint  Geometry  -  The  effects  of  specimen  geometry  on  joint  life  were  evaluated  for  the  30/10/10  and  19/76/3 
lay-ups  using  specimens  with  different  edge  distances  and  widths.  Fatigue  strength  was  not  changed  for  the  30/10/10 
lay-ups.  For  the  matrix-dominant  19/76/5  lay-up,  fatigue  strength  was  found  to  increase  when  the  w/d  ratio  was 
increased  from  J  to  1.  Further,  a  change  of  failure  mode  from  bearing  to  net  section  occurred  when  w/d  ratio  was 
reduced  from  1  to  3. 

(5)  Interference  Fit  -  Fatigue  tests  were  conducted  to  evaluate  the  effect  of  an  Interference  fit  of  0.127  mm  on 
the  fatigue  life  of  no-torque  and  torqued  joints.  For  R  *  ♦.!,  the  results  indicated  that  specimens  with  no  preload  and 
0.127  mm  Interference  fit  failed  at  a  tower  fatigue  life  relative  to  neat-fit  specimens  with  no  preload.  Associated  with 
this  lower  life  was  a  large  data  scatter.  Standard  pull-through  installation  techniques  and  fastener  types  were  used. 
Some  joint  specimens  were  sectioned  and  examined.  The  presence  of  delamination  at  the  fastener  exit  side  as  well  as 
through-the-thickness  of  the  hole  In  the  laminate  were  discovered  for  joints  with  interference  fits  from  .102  through  .178 
mm.  Therefore,  it  was  suspected  that  minor  installation  damage  caused  by  Inserting  the  interference  fit  fastener 
produced  the  wide  scatter  in  data  when  no  clamping  constraint  existed  due  to  zero  fastener  preload.  Limited  fatigue 
testing  of  specimens  with  18  N.m  preload  and  0,127  mm  interference  fit  produced  higher  fatigue  lives  relative  to  neat-fit 
specimens  with  the  same  Installation  torque. 

(6)  Single-Shear  Loading  -  The  effect  of  bending  stresses  due  to  the  single  shear  configuration  resulted  in  a 
significant  reduction  in  fatigue  life.  Further  fatigue  life  reductions  were  exhibited  by  the  countersunk  fastener  with  its 
associated  loss  of  direct  bearing  material  and  added  fastener  head  flexibility  relative  to  the  protruding  head  fastener. 
Joint  spring  rates  for  the  double-shear,  non-countersunk  single-shear,  and  countersunk  single-shear  specimens  were  found 
to  be  69.33  MN/m,  60.77  MN/m,  and  13.78  MN/m  respectively. 

(7)  Porosity  -  Tests  of  specimens  with  moderate  potosity  resulted  in  no  reduction  in  either  static  strength  or 
joint  fatigue  life. 

1.0  CONCLUSIONS 

Technical  observations  pertaining  to  composite  mechanically  fastened  joint  technology  as  a  result  of  this  review 
are  summarized  in  the  following! 

(1)  Similar  directions  have  been  followed  throughout  the  technical  community  in  the  analysis  of  composite  bolted 
joints  in  aircraft  structural  components.  The  analysis  proceeds  from  an  overall  structural  analysis,  to  localized  joint 
idealization  and  boit-load  distribution  analysis,  and  finally  to  an  assessment  of  the  static  and/or  fatigue  strength  through 
the  utilization  of  joint  failure  analysis  at  individual  fastener  holes. 

(2)  Static  joint  failure  analysis  for  composites,  which  represents  the  primary  area  of  research  activity  in  the 
literature  reviewed,  consists  of  detailed  stress  analysis  performed  at  individual  fastener  holes  and  associated  application 
of  a  failure  criterion. 

(3)  State-of-the-art  stress  analysis  methodologies  include  finite  element,  two-dimensional  anisotropic  elastic 
analysis  and  fracture  mechanics.  Three-dimensional  analysis  is  needed  for  determining  the  through-the-thickness  stress 
distribution  around  fastener  holes  in  order  to  assess  the  role  of  bearing  and  interlaminar  shear  failures. 
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(♦)  Static  strength  1>  evaluated  by  applying  anlsoti  jplc  material  (allure  criteria  a(ter  the  stresses  at  a 
"characteristic  dimension"  from  the  edge  ot  the  hole  are  determined.  Quadratic  failure  surfaces,  which  account  tor 
failive  mode  Interaction,  have  been  demonstrated  to  be  capable  of  predicting  both  failure  load  and  fall  jre  mode 
accurately  in  composite  bolted  Joints  for  moat  cases,  A  cubic  formulation  has  been  shown  to  yield  more  accurate 
predictions  in  biaxial  loading  cans. 

(3)  State-of-the-art  fatigue  life  prediction  methodologies  require  an  extensive  data  base  which,  except  for  tome 
specific  cases,  Is  not  well  established  tor  composites.  Predictions  based  on  Miner's  linear  cumulative  damage  model  have 
bean  found  to  be  imemaarvative.  The  assumption  of  continuously  decreasing  residual  strength  In  the  residual  strength 
degradation  model  restricts  the  model  from  general  applications.  "Fatigue  function*  models  have  achieved  some 
preliminary  success  In  correlating  with  experimental  results.  These  models  nave  been  extended  to  Include  detemlnatton 
and  temperature  effects.  Empirical  approaches  are  most  common  In  predicting  fatigue  life  of  composites  as  well  as  in 
demonstrating  compliance  with  military  and  commercial  durability  specifications. 

M  The  effects  of  various  design  parameters  on  the  static  and  fatigue  behaviour  of  composite  bolted  Joints  have 
been  examined.  For  quasi- Iso  tropic  lay-ups,  minimum  allowed  edge  distances  and  fastener  spadngs  ranged  respectively 
from  W  and  S-5  times  fastener  diameters  In  most  design  practices  where  full  bearing  strength  is  required  of  the  Joint. 
In  general,  the  .anslle  and  bearing  strengths  decrease  with  Increasing  hole  diameter  and  decreasing  laminate  thickness. 
Load  eccentricity  In  a  single  lap  Joint  reduces  both  the  static  and  fatigue  strength  significantly.  Due  to  the  anisotropic 
nature  of  composites,  the  bearing  strength  has  been  shown  to  vary  with  fastener  load  direction. 

(7)  Galvanic  corrosion,  galling,  installation  damage  and  low  pull-through  strength  are  recognized  as  the  four 
basic  problems  where  mechanical  fastening  of  composite  laminates  Is  concerned.  In  general  engineering  practices,  only 
tension  head  fasteners  made  of  titanium  are  used  with  composites  and  no  Interference  fit  holes,  hole  filling  fasteners,  or 
vibration  driving  of  rivets  are  recommended.  Special  fastener  systems  have  been  developed  to  allow  for  interference 
installation  using  appropriate  toolings  to  minimise  installation  damage.  It  has  been  demonstrated  that  Interference  fit 
Increases  fatigue  strength.  The  application  of  bolt  torque  to  the  optimum  level  has  been  accomplished  by  using  fasteners 
with  large  "foot-print"  or  washers.  Application  of  special  lubricants  and  proper  material  selection  eliminate  galling 
problems.  In  general,  hltfi  clamping  forces  Increase  static  and  fatigue  strength  of  a  composite  bolted  joint. 

(S)  There  Is  currently  no  bolted  joint  data  readily  available  for  the  advanced  composite  materials. 

5.0  RECOMMENDATION  -  FURTHER  RESEARCH 

As  a  result  of  this  review,  the  need  for  further  research  In  the  following  areas  Is  Identified! 

(1)  The  accuracy  of  the  analytical  prediction  of  the  static  strength  of  mechanically  fastened  joints  depends 
strongly  on  the  stress  analysis  and  the  failure  criterion  applied.  In  order  to  improve  the  accuracy  of  the  strength 
prediction,  further  work  Is  required  in  the  three  dimensioned  stress  analysis  of  a  Joint  to  account  for  the  through-the- 
t hickness  effects  as  a  result  of  interference  fit  and  preload.  It  is  also  deemed  necessary  to  incorporate  an  elastic 
contact  analysis  with  stick-slide  behaviour  In  the  three  dimensional  analysis  In  order  to  provide  more  sophisticated 
solutions  which  include  frictional  effects.  Further  work  In  the  development  of  failure  criteria  bar  id  on  physical  damage 
phenomena  to  predict  delamination  and  gross  bearing  failure  modes  Is  required. 

(2)  Further  research  is  required  In  the  development  of  fatigue  life  prediction  methodologies.  It  appears  that 
static  strength  prediction  is  sufficient  in  most  cases  because  of  the  relative  insensitivity  of  composite  materials  to 
fatigue.  However,  the  initiation  and  growth  of  delaminations  have  been  observed  to  take  place  under  cyclic  loading  at 
free  edges,  especially  at  the  edge  of  a  fastener  hole  because  of  the  stress  concentration.  This  delamlnatlon  creates  a 
local  region  near  the  bolt  hole  where  tlie  original  stiffness  of  the  composite  laminate  has  been  reduced  extensively. 
Consequently,  the  growth  of  delamlnatlons  can  cause  extensive  elongation  of  the  fastener  hole.  Further  damage  can  be 
accumulated  rapidly  as  a  result  of  the  pounding  of  a  loose  fastener  In  a  hole  when  the  load  spectrum  Includes  reversals 
(R<0).  This  can  lead  to  the  ultimate  loss  of  the  overall  load-carrying  capability  of  the  composite  component  as  a  result 
of  an  extensive  drop  In  stiffness  or  static  strength.  Further  research  is  deemed  necessary  since  methodologies  available 
currently  cannot  predict  Initiation,  growth  and  instability  as  a  result  of  delamlnatlon  under  fatigue  loading  in  composites. 

(3)  A  critical  evaluation  Is  deemed  necessary  to  compare  and  assess  the  reliability  aspects  of  various  existing 
fatigue  life  prediction  methodologies  and  establish  the  specific  conditions  under  which  they  are  reliable.  These  specific 
conditions  Include!  (a)  operating  conditions,  e.g.,  temperature,  environment,  loading}  (b)  failure  modes,  e.g., 
delamlnatlon,  bearing)  (c)  material  parameters,  e.g.,  ply  orientation)  and  (d)  specific  assumptions,  e-g.,  plane  stress, 
continuotnly  decreasing  residual  strength.  This  evaluation  may  provide  a  basis  for  the  selection  of  methodologies  to 
predict  the  fatigue  life  of  composite  mechanically  fastened  joints  reliably  under  the  conditions  of  interest. 

(t)  The  application  ot  advanced  composite  material  systems  should  be  investigated.  These  systems  Include  high 
strain  carbon  fibers  and  tough  resin  matrix  such  as  blsmalelmide.  Specifically,  bearing  proper'.es  and  stress 
concentration  sensitivity  should  be  studied.  Furthermore,  the  effects  of  the  improved  Interlaminar  not  nal  and  shear 
properties  as  a  result  of  the  tougher  resin  matrix  on  the  clamping  load  and  interference  fit  provided  b'.  the  fastener 
systems  should  be  Investigated  because,  as  indicated  by  the  present  literature  review,  enhanced  static  and  durability 
performances  of  composite  mechanically  fastened  joints  could  be  obtained  by  Increasing  the  clamping  load  and 
Interference  fit. 

(3)  No  published  data  was  found  on  the  use  of  mechanical  fasteners  In  high  strain/tough  resin  composites.  In 
order  to  design  mechanically  fastened  joints  using  these  high  strain/tough  resin  composites,  experimental  work  should  be 
undertaken  to  generate  design  data  similar  to  those  generated  based  on  conventional  graphlte/epoxy  composites.  The 
design  data  generated  can  be  used  to  verify/establish  the  benefits  of  using  these  systems.  For  example,  weight  savings 
v e  predicted  as  a  result  of  the  improvement  in  the  allowable  design  strain  level  provided  by  these  advanced  composites. 
Also,  data  is  required  to  examine  the  applicability  of  the  current  analysis  procedures  and  failure  criteria  based  on 
conventional  graphite/epoxy  systems  to  predict  the  static  and  fatigue  strengths  and  failure  modes  of  mechanically 
fastened  joints  fabricated  from  these  advanced  composites. 
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FIG.  8:  IDEALIZATION  OP  TIGHTLY  GOLTED  JOINT  TO  DETERMINE  CONT/  ~T 
PREMURE  BETWEEN  PLATES  OP  EQUAL  THICKNEM  (REP.  IS) 
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FIQ.  IK:  EFFECT  OF  LAMINATE  LAYUP  ON  THE  TENSILE 
RESPONSE  OF  20-PLY  LAMINATES  IN  SINQLE  SHEAR 
(REF.  771 
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Comparison  of  galvanic  potential  of  structural  materials 
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FIQ.  16:  GALVANIC  CORROSION  RESULTS  FROM  DIFFERENCES  IN  POTENTIAL 
(REF.  88) 
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PIO.  IS:  COMP-TITE™  BUND  FASTENER  INSTALLATION  SEQUENCE 
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CIL  INSTALLATION  PROCEDURE 


STEM.  PLACE  ASSEMBLY  IN  WORK  STRUCTURE.  INSERT  COLLAR  OVER 
PINTAIL.  (GRIPS  THRU  20  ONLY.  SEE  NOTE  BELOW) 

STEP  2.  TOOL  PULLS  ON  PINTAIL  AND  DRAWS  THE  CIL  PIN  INTO  THE  SLEEVE 
WHICH  EXPANDS  THE  SLEEVE  TO  COMPLETELY  SEAL  THE  FASTENER 
IN  THE  WORK. 

STEP  3.  AS  THE  PULL  ON  THE  PIN  INCREASES.  TOOL  ANVIL  SWAGES  COLLAR 
INTO  LOCKING  GROOVES  AND  A  PERMANENT  LOCK  IS  FORMED. 
TOOL  CONTINUES  TO  PULL  UNTIL  THE  PIN  BREAKS  AT  THE  BREAK¬ 
NECK  GROOVE  AND  IS  EJECTED.  TOOL  ANVIL  DISENGAGES  FROM 
SWAGED  COLLAR. 


NOTE:  ABOVE  20.  IT  IS  NECESSARY  TO  PULL  THE  PIN/SLEEVE  ASSEMBLY 
INTO  THE  WORK  WITH  A  SPECIAL  PULL  IN  TOOL.  WHEN  SEATED 
PUT  THE  COLLAR  OVER  THE  PINTAIL  AND  INSTALL  THE  FASTENER 
USING  THE  STANDARD  INSTALLATION  TOOL  SEE  ABOVE  CHART 
FOR  NOSE  INSTALLATION  INFORMATION  AND  PROCEDURES 


PIG.1t:  INSTALLATION  SEQUENCE  OP  A  TWO-PIECE  LOCKBOLT 
FAIT.- NIP  PON  SOLID  COMPOSITE  LAMINATES 
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FIG.  SB:  LARGER  FLUSH  HEAD  DIAMETER  AND  FOOTPRINT 
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FIG.  22:  THE  EFFECT  ON  THE  AMOUNTS  OF  LOAD  TRANSFERS  AS  A  RESULT 
OF  GEOMETRICAL  CHANGES  (REF.  110) 
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COMPARISON  OF  EXPERIMENTAL  RESULTS  AND  ANALYTICALLY 
PREDICTED  DATA  FOR  DOUBLE  SHEAR  FASTENED  JOINTS 
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SUMMARY 

Experimental  teata  were  carried  out  to  Investigate  the  strength  of  open  holes  and 
pin  loaded  holes,  as  well  as  ths  combination  of  both.  The  material  used  was  914C/T300. 

The  tests  delivered  enough  information  to  represent  the  basis  for  the  development  of 
an  analytic  prediction  method. 

The  prediction  method  is  based  on  a  linear  analysis,  which  provides  the  stress  field 
around  a  hole  loaded  with  any  type  of  loading.  To  make  use  of  this  information,  in 
order  to  predict  the  strength,  some  empirical  influence  has  to  be  taken  into  account  to 
produce  good  correlation  between  experimental  and  theoretical  data.  The  obtained  accuracy 
is  shown,  as  well  as  diagrams  representing  theoretically  dorived  notch  sensitivity  and 
the  double  shear  pin  pearing  strength. 
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INTRODUCTION 

In  aircraft  structures  the  areas  of  local  load  introduction  into  CFRP  parts  require 
careful  treatment  during  the  design  phase.  To  do  good  stressing  and  sising  of  the  load 
transferring  parts  special  experience  with  composite  materials  is  necessary.  If  an 
accurate  prediction  method  for  the  strength  of  mechanically  fastened  joints  is  ready 
for  use,  there  is  every  possibility  to  save  weight,  time  and  test  costs.  The  problem 
of  stressing  bolted  joints  and  notches  in  CFRP  is  much  store  complicated  than  with  metal 
structures.  The  •  Jason  for  this  is  the  material  non-homoganous  nature,  its  orthotropic 
behaviour  and  its  brittleness.  Several  prediction  methods  were  discussed  in  the  litera¬ 
ture,  for  example  the  average  stress  criterion,  the  point  stress  criterion  and  the 
methods  using  stress  concentration  factors. 

The  prediction  method  discussed  here  calculates  the  stress  distribution  around  the 
hole  and  evaluates  the  stresses  point  by  point  around  it.  This  procedure  gives  the 
method  its  name:  Point  stress  criterion.  The  input  data  required  are:  the  unidirectional 
properties  of  the  single  layer  and  the  geometric  and  loading  conditions  of  the  actual 
technical  problem,  as  shown  in  Figure  1 . 

The  overall  purpose  of  the  method  is  to  be  able  to  predict  the  strength  of  a  single 
hole  in  CFRP  laminates  loaded  with  any  type  of  loading.  This  includes  for  example  a 
bolt  load  in  any  direction  acting  alone  or  by-pass  stresses  around  an  open  hole  or  the 
most  common  case  when  both  loading  possibilities  act  superimposed  together.  This  last 
case  presents  the  biggest  problems,  but  is  needed  for  ailing  complex  aircraft  structures 
and  is  therefore  of  great  interest.  Figure  2  clarifies  the  effect  of  the  numerous 
different  elastic  and  loading  possibilities  on  the  technical  problem. 

As  a  first  step  we  must  calculate  the  stress  distributions  around  an  open  and  pin 
loaded  holes. 

The  second  step  and  final  challenge  is  to  interpret  the  resulting  stress  distribution 
in  such  a  manner,  that  good  correlation  with  test  results  is  obtained.  In  the  following 
chapters  an  impression  is  given  of  the  difficulties  which  arose  during  the  development 
of  the  second  step  and  the  accuracy  finally  obtained. 


PRINCIPLE  OF  THE  MATHEMATICAL  TREATMENT 

The  basis  of  our  prediction  method  is  the  closed  solution  for  the  two-dimensional 
stress  distributions  around  holes  according  to  G.N.  Savin,  published  1966.  Based  on 
the  starting  point  of  stress  functions,  he  provided  solutions  for  open  and  for  bolt- 
loaded  holes,  as  shown  in  Figure  3.  By  superposition  of  these  two  solutions  it  is  possible 
to  obtain  the  stress  distribution  for  the  most  general  case  (Figure  2)  and  to  calculate 
the  stress  vector  at  any  point  around  the  hole  independently  from  the  kind  of  loading. 

A  failure  criterion  is  needed  now  to  interpret  the  stresses  point  by  point  and  to  select 
the  highest  loaded  one.  If  its  failure  load  is  regarded  to  be  responsible  for  the 
failure  of  the  laminate,  then  two  items  of  information  are  received:  the  location  where 
first  failure  occurs  and  the  strength  of  the  CFRP- laminate.  In  this  way  the  failure 
of  the  hole,  under  the  actual  conditions,  is  analytically  derived  and  the  analysis  is 
ready  for  verification  by  test  results.  Good  correlation  between  theory  and  practice 
is  required. 

Following  the  assumption,  that  good  correlation  for  the  open  hole  problem  plus  good 
correlation  for  the  loaded  hole  problem  results  as  well  in  good  correlation  for  the 
interaction  of  both,  test  series  for  open  holes,  double  shear  bearing  strength  and 
interaction  of  pin  loaded  holes  with  passing  stresses  are  required  for  the  development 
of  a  reliable  prediction  method. 
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TESTS 

To  provide  •  good  data  baae  for  eoaiparlaona  with  tha  calculation  method,  three 
different  type*  of  specimen  configurations  were  tested)  Open  holes,  double  shear 
bearing  and  interaction  of  bearing  and  passing  stresses.  Figure  4  shows  the  configura¬ 
tions  of  the  apeciSMns  used. 

To  avoid  undesirable  geometric  influences  of  width,  edge  distance  and  hole  dia- 
neter,  the  dimensions  were  kept  constant  for  all  the  three  specimens. 

Tha  necessary  test  parameters  are 

-  the  laminate  lay-up 

-  off-axes  loading 

-  RT  and  h/w  conditions. 

It  is  logical,  that  the  accuracy  and  tha  reliability  of  the  prediction  method  Is 
dependent  on  number  and  selection  of  tha  available  test  points.  This  means  a  sufficiant 
number  of  tests  have  to  be  performed  to  obtain  good  accuracy. 


CORRELATION  OP  TESTS  AND  PREDICTED  DATA 

The  results  of  tha  experiments  are  shown  on  the  load  deflection  curves  (Figure  S). 

Nith  reference  to  our  linear-elastic  analysis,  the  double  shear  pin  bearing  and  the 
interaction  tests  show  a  behaviour,  which  causes  difficulties.  In  Figure  5  is  shown  in 
principle,  that  a  nonlinear  range  succeeds  a  linear  ona  prior  to  failure.  The  problem 
which  arises  is  that  it  is  necessary,  for  the  practical  work  of  a  stress  office,  to  pre¬ 
dict  tha  ultimate  failure  and  not  the  end  of  the  linear  range,  which  we  could  easily 
obtain  with  a  linear  elastic  analysis.  A  second  basic  difficulty  arises,  because  there 
exists  no  failure  criterion,  which  is  able  to  predict,  with  overall  accuracy,  the 
numerous  failure  mechanisms  which  might  occur  in  CFRP- laminates  and  in  the  vicinity  of 
a  hole.  To  overcoam  these  difficulties,  there  is  no  other  choice,  than  to  use  the 
linear-elastic  analysis,  if  a  nonlinear  one  is  not  available  and  to  influence  the 
analysis  semi-ampirically,  using  test  results. 

The  consequence  is  seen  easily,  that  the  teat  program  has  to  cover  a  wide  range  of 
all  technically  practical  applications.  If  the  test  points  of  the  program  are  selected 
reasonably,  the  conditions  for  the  development  of  a  reliable  prediction  method  are 
then  available.  In  Figure  6  a  summation  of  the  different  semi -empirical  manipulations 
developed  is  shown. 

The  most  important  and  generally  used  are  characteristic  distances.  They  result  In 
the  stress-s  being  analysed  at  a  certain  distance  away  from  the  hole  edge.  This  results 
in  better  correlation  with  the  ultimate  test  failure  loads  but  also  in  the  disadvantage 
that  the  stress  gradients  in  the  vicinity  of  the  hole  cause  a  reduction  of  the  accuracy. 

This  effect  can  be  reduced  if  all  unidirectional  properties  are  increased  by  the  same 
constant  factor.  Then  the  characteristic  distances  are  able  to  be  reduced  and  the  evalu¬ 
ation  of  the  stresses  is  done  more  close  to  the  hole  edge. 

Every  failure  criteria  has  its  specific  advantages  and  disadvantages.  He  tried  to 
avoid  the  imperfection  of  our  iTL-failure  hypothesis  by  tha  advantage  of  tha  YAMADA 
total  failure  criteria,  in  other  words  we  used  both. 

By  slightly  increasing  the  unidirectional  compression  strength  in  the  case  of  a 
'filled  hole'  even  better  correlation  with  the  test  results  is  obtained.  A  good  reason 
for  influencing  this  is,  that  the  bolt  supports  the  laminate  which  has  the  effect  of 
increasing  the  compression  strength  in  tha  vicinity  of  the  bolt. 

All  these  empirical  influences  have  to  be  co-ordinated  with  each  ether  and  in  respect 
to  the  correlation  between  test  results  and  the  analytically  predicted  data.  The  achieved 
accuracy  is  represented  by  the  diagrams  of  Figure  7.  On  the  abscissa  the  predicted 
values  are  plotted  and  on  the  ordinate  the  test  results.  Every  point  on  the  diagrams 
represents  a  test  point  of  usually  six  specimens  of  open  hole,  pin  bearing  and  interaction 
teats.  If  the  prediction  is  optimal,  then  the  associated  point  lies  on  tha  angle  bi¬ 
sector  of  the  two  lines.  Me  tried  to  receive  a  final  accuracy  for  our  calculation  method 
of  +/-10  %.  As  seen  in  Figure  7  we  had  to  accept  less  accuracy,  but  only  when  the  pre¬ 
dicted  value  was  conservative  in  comparison  to  the  test  result.  The  accuracy  shown  was 
achieved  by  a  lot  of  compromises  between  the  three  different  items.  Special  attention 
was  given  to  the  accuracy  of  the  interaction  tests. 


CONCLUSIONS 

The  developed  analysis  is  good  enough  to  be  used  in  aircraft  design  and  offers  the 
possibility  to  predict  the  strength  of  mechanically  fastened  joints  in  double  shear. 

Several  possibilities  are  presented  for  using  the  analysis.  In  Figure  6  tha  strength 
of  open  holes  in  tension  was  calculated  for  all  posaible  lay-up's  and  given  in  an 
overview.  The  same  was  done  for  the  double  shear  pin  bearing  strength  and  is  shown  in 
the  diagram  of  Figure  9. 


!-} 


Following  from  the  nor*  simple  tost  cases  presented  to  tha  more  aophiaticatad  on* a , 
tha  possibility  ia  availabla  to  investigate  tha  influences  of  varioua  loading  conditions . 
Thia  ia  advantagaoua ,  bocauaa  axparimantal  taata  with  complex  loading  ara  axpanaiva  and 
vary  difficult  to  parfonn. 

If  tha  input  data  of  tha  unidiractional  propartiaa  ara  variiad.  it  ia  alao  poaaible 
to  invaatigata  matarial  influancaa,  but  quantative  uncar taintiaa  hava  to  ba  taken  into 
account,  bacauaa  tha  aani-anpirical  manipulations  wara  davalopad  aapacialiy  for  tha 
notarial  914C/T300.  If  othar  materials  ara  uaad  croaa-chacka  by  taata  hava  to  ba  carried 
out  and  the  prediction  method  haa  to  ba  modified. 
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Figure  1  :  Flow  Chart  of  the  Prediction  Method 
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SUMMARY 


A  brief  review  of  recent  Air  Force  programs  in  bolted  joints  in  composite  structures  was  presented  in  this  paper.  The 
review  included  analytical  methods  development  and  experimental  verification.  Analytical  methods  addressed  both  single 
fastener  and  multifastener  joints.  A  number  of  joint  design  variables,  such  as,  finite  geometry,  fastener  arrangement,  joint 
service  environment,  and  a  number  of  relevant  parameters  were  addressed  in  these  programs.  The  test  programs  included 
static  and  fatigue  specimens. .  Single  fastener  and  multifaatener  joint  tests  were  conducted  to  correlate  the  analysis  results. 
Full  scale  test  specimens  were  used  to  verify  the  overall  analysis  strategy.  A  comprehensive  design  guide  was  developed  for 
the  design  and  analysis  of  bolted  joints  in  composite  structures.  This  design  guide  is  supported  by  four  computer  programs. 


I.  INTRODUCTION 

Joints  are  the  key  elements  in  load  transfer  between  aircraft  components.  They  are  also  the  weakest  links  in  the 
overall  performance  of  a  structure.  The  major  life  cycle  costs  of  an  aircraft  structure  can  be  directly  or  indirectly  traced 
to  inadequately  or  improperly  designed  joints.  Joining  issues  are  particularly  acute  in  composite  structures  because  of 
the  associated  problems  of  delamination,  anisotropy,  absence  of  ductility  and  environmental  effects.  However,  bolted 
composite  joints,  when  properly  designed,  are  reliable,  structurally  efficient  and  cost  effective.  The  development  of  proper 
design  procedures  is  the  subject  of  a  number  of  investigations  by  the  Air  Force,  Navy,  Army,  NASA  and  industry.  The 
purpose  of  this  paper  is  to  review  some  of  the  recent  Air  Force  investigations  and  identify  the  key  joint  design  issues. 

The  primary  load  carrying  mechanism  in  joints  is  sliding  of  the  joining  elements  (plates)  which  is  prevented  by  the 
fasteners.  In  doing  so  the  fastener  transmits  the  load  from  one  plate  to  the  other.  There  are  two  elements  in  the  failure  of  a 
joint:  the  fastener  itself  and  failure  of  the  components  joined  together  by  the  fastener.  The  fasteners  used  in  most  aircraft 
construction  are  based  on  national  aerospace  standards,  and  the  manufacturer  is  responsible  for  the  design,  specification 
and  validation  of  their  failure  loads.  Failure  prediction  of  the  component  parts,  however,  is  the  responsibility  of  the  joint 
designer.  The  interest  of  this  paper  is  the  design  and  failure  prediction  of  component  parts. 

Joints  can  be  in  single  shear  (single  lap)  or  in  double  shear  (double  lap)  as  shown  in  Fig.  1.  Depending  on  certain 
joint  parameters,  the  behavior  of  a  single  shear  joint  can  be  significantly  different  from  a  joint  in  double  shear.  A  joint  in 
double  shear  can  be  analyzed  quite  satisfactorily  by  a  two  dimensional  analysis  based  on  plane  stress  assumptions.  The 
eccentricity  in  a  single  shear  joint  can  introduce  significant  bending  in  the  plates  as  well  as  in  the  fastener  and  invalidate 
the  plane  stress  or  two  dimensional  analysis.  At  the  same  time  the  behavior  of  a  single  lap  is  extremely  complex,  and  an 
accurate  three  dimensional  analysis  is  intractable.  Modifications  to  account  for  the  three  dimensional  effects  are  based  on 
treating  the  fastener  as  a  short  beam,  supported  on  an  elastic  foundation.  Such  an  analysis  with  empirical  estimates  of  the 
foundation  stiffness  can  give  reasonable  results  for  the  design. 


K 

>0 


DOUBLE  LAP 


FIG  1:  FASTENERS  IN  SINGLE  AND  DOUBLE  SHEAR 


The  general  failure  modes  in  mechanically  fastened  joints  are  summarized  in  Fig.  2.  There  arc  some  similarities  in  the 
failure  of  metal  and  composite  joints.  For  instance,  the  basic  failure  modes,  such  as,  net  tension  failure,  bearing  failure, 
shearout  failure  and  cleavage-tension  failure  are  not  significantly  different  in  both  joints.  However,  there  are  many  factors 
that  are  peculiar  to  the  behavior  of  composite  joints.  The  stress  distribution  around  a  hole  is  a  function  of  the  laminate 
layup  and  the  load  orientation.  The  stress  concentrations  are  different  for  different  layups.  Similarly,  the  stress  distribution 
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around  a  loaded  hole  ia  different  for  different  fiber  orientation!.  The  duetility  of  metala  significantly  reduces  the  danger  of 
catastrophic  failures.  The  tailored  laminated  composites  exhibit  unique  failure  modes  because  of  their  brittle  behavior. 


CUwifS'Tsmtee  Failure 


Bssrine  Failure 


FIG  2:  MODES  OF  FAILURE  FOR  BOLTED  JOINTS 
REFERENCE  1 


A  number  of  steps  precede  a  joint  design  in  aircraft  structures.  The  first  step  is  to  characterise  the  joints  into  simple 
load  transfer  mechanisms.  The  mechanism  assumed  in  the  joint  design  is  not  obvious  from  looking  at  an  aircraft  structure 
and  its  joints.  The  wing  skin  splices,  the  wing  skin  to  spar/rib  connection,  the  wing  to  fuselage  connection,  and  the 
horizontal/vertical  tail  connection  to  the  fuselage  are  some  of  the  typical  joints  in  aircraft  construction.  Figures  3  and  4 
illustrate  some  of  the  joint  configurations.  The  next  step  is  the  internal  loads  analysis.  This  step  generally  involves  a  finite 
element  analysis  of  the  aircraft  structure.  In  this  step  details  of  the  joints  are  not  modeled,  they  are  assumed  to  be  an 
integral  part  of  the  structure.  These  models  may  be  considered  global  models.  The  third  step  involves  modeling  the  joints 
and  their  analysis.  The  next  section  presents  a  review  of  joint  analysis  methods. 


B IG  3:  BOLTED  COMPOSITE  JOINTS 
REFERENCE  1 
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FIG  4:  BOLTED  COMPOSITE  JOINTS 
REFERENCE  1 


3.  REVIEW  OF  JOINT  ANALYSIS  METHODS 

The  bolted  joint  failure  load  is  determined  by  the  streas  analysis  of  single  fastener  joints.  The  basis  for  this  analysis 
is  two  dimensional  anisotropic  plate  theory*3!.  This  analysis  is  conducted  in  two  steps*4’3’5).  First,  an  infinite  plate  with 
an  unloaded  hole  is  subjected  to  a  uniaxial  load.  Then  the  same  plate  is  analysed  with  the  loaded  hole.  Superposition  of 
the  two  analyses  gives  the  combined  solution.  Both  analyses  involve  the  solution  of  a  fourth  order  differential  equation 
in  which  the  dependent  variable  is  the  Airy  stress  function,  F,  and  the  independent  variables  are  the  spatial  coordinates 

(x-y)- 

AU5S  -  Wv  +  (JAl*  +  ~  2A'*aiap  +  A"  W  =  0  (1) 


'dr4 

The  laminate  compliance  coefficients,  A,,,  for  the  given  symmetric  laminate  are  given  by 

<  =  AN 


(2) 


where  the  matrices  f  and  iV  are  the  inplane  strains  and  streas  resultants,  respectively,  in  an  anisotropic  plate.  The  complex 
stress  function  F  can  be  written  as 

!(*,»)  =  aRe[F,(*I)  +  F,(r,)]  (3) 

The  complex  stress  functions  Ft(ci)  and  Fj(ij)  are  analytic  functiona  of  the  complex  characteristic  coordinates  i,  and 
respectively.  The  coordinates  C]  and  *j  are  given  by 


*1  =*  +  JJ|V  *1  =  x  +  Pip 


(«) 
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The  stresses  end  the  stress  function  ere  related  by 

<J«F  fl»F  a*  F 

°‘  =  W  °,=  d?  f*»  =  ~5 ISi 


(») 


An  infinite  plate  with  an  open  hole  subjected  to  a  uniaxial  load  will  have  a  uniform  stress  a,  everywhere  except  in  the 
vicinity  of  the  hole.  The  second  analysis  involves  a  plate  with  a  loaded  hole  with  stress  free  boundaries  at  infinity  and 
an  assumed  radial  stress  distribution  over  half  the  hole  varying  as  a  cosine  function.  This  analysis  afain  gives  the  stress 
distribution  around  tha  hols  and  also  assumes  that  the  bolt-specimen  interaction  it  frictionless.  Superposition  of  these  two 
linear  elastic  solutions  gives  the  stress  distribution  in  a  single  fastener  joint.  A  summary  of  the  superposition  principle  is 
shown  in  Fig.  $. 
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FIG  i:  SUPERPOSITION  OF  LINEAR-ELASTIC  STRESS  SOLUTIONS 
REFERENCE  2 

Substitution  of  Eq.  (3)  in  Eq.  (1)  gives  a  characteristic  equation  ill  n 

An  a*4  -  2A|e|is  +  (2A|j  +  AM)pJ  -  2AMp  +  Ajj  =  0  (6) 

Solution  of  the  characteristic  Eq.  (S)  for  p  represents  satisfaction  of  compatsbility.  The  two  infinite  problems  can  be  solved 
by  using  the  complex  stress  function  and  an  infinite  series  with  unknown  coefficients.  The  unknown  coefficients  can  be 
determined  approximately  by  matching  the  boundary  conditions.  Such  solutions  for  an  infinite  plate  with  an  open  hole 
and  a  loaded  hole  are  reported  in  Reference  4,  and  the  results  are  summarised  here. 

For  the  open  hole  problem  the  stresses  a„  oy  and  r,|,  at  two  critical  locations  t  -  OP  and  90°,  are  given  by 

»,  =■  frs  =  0  (7) 

The  above  solution  is  a  consequence  of  the  open  hole  being  stress  free.  The  hoop  stress  (7y  is  given  by 

»#  =  For  I  =  0° 


o,  =  <7,[l  -  i(|i|  +  p,)]  For  $  =  90' 


(8) 


where  An,  An  are  the  laminate  compliance  coefficients,  and  Mit  Mi  are  the  solutions  of  the  characteristic  equation  that 
satisfies  eompatability.  a,  is  the  nominal  stress  in  the  absence  of  the  hole.  From  Eq.  (8)  the  stress  concentration  factor  A", 
can  be  derived  as 

K.  =  at  5  =  0° 

K.  =  ^=1-i(m,+m>)  ot  5  =  90°  (8) 

"I 

For  an  isotropic  material  the  compliance  coefficients  are  equal  (At  |  =  A n)  and  Mi  =#*»=»'-  Then  the  stress  concentration 
factors  are  given  by 

K,  =  -1.0  at  5  =  0° 


K,  =  S.O  at  #  =  80° 


(10) 


Similarly  for  the  loaded  hole  cate  the  three  stress  components  are  given  at  the  hole  boundary  by 


The  hoop  stress  around  the  hole  is  given  by 


.  _  Au  p  p  _ 

*  ~  4  +  4  Re 


1  +  i(Mi  + 
Mi  Pa 


Ml) 


a,  =  -p 
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* 

II 

o 
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(11) 
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at  5  =  90° 

(12) 

The  stress  concentration  for  the  loaded  hole  case  is  defined  as 

(13) 

where  ot  is  defined  as 

II 

$ 

(14) 

The  stress  concentration  factor  versus  the  percentage  of  0°  plies  in  a  (0“,  ±45")  boron  epoxy  laminate  is  plotted  in  figures 
6  and  7  for  the  open  hole  and  loaded  hole  cases  respectively.  The  following  observations  can  be  made  from  these  curves 
(Ref.  4): 


a  The  stress  concentration  in  anisotropic  materials  can  be  significantly  higher  than  in  isotropic  materials.  It  can  be  as 
much  as  four  times  in  the  loaded  hole  case  and  three  times  in  the  open  hole  case. 

•  For  the  case  of  40%  0°  plies,  the  stress  field  is  nearly  the  same  as  that  for  an  isotropic  material  in  both  the  loaded  and 
open  hole  cases. 

•  The  hoop  stress  at  5  =  0°  and  46°  goes  through  a  stress  reversal  for  the  loaded  hole  case.  This  is  not  true  for  the  open 
hole  case.  This  stress  reversal  can  have  a  significant  impact  on  the  failure  mode  of  the  joint. 

The  infinite  plate  solutions  obtained  from  two  dimensional  anisotropic  plate  theory  have  to  be  corrected  to  account  for 
a  number  of  relevant  design  variables  in  an  actual  joint.  Some  of  these  variables  are: 


•  The  effects  of  finite  geometry  on  the  joint. 


•  Interference  from  adjacent  joints  and  cutouts. 


s  Three  dimensional  effects  coming  from  joint  eccentricity. 

The  first  two  variables  are  accounted  for  in  Reference  4  by  using  empirical  correction  factors.  The  corrected  stress  concen¬ 
tration  factor  is  written  as 

K  =  AtK,  +  A*A,K,  (15) 

where  and  K,  are  the  stress  concentration  factors  derived  from  infinite  plate  solutions  for  the  loaded  and  open  hole  cases 
respectively.  The  correction  factors  At  and  A,  are  to  account  for  finite  geometry  effects,  and  As  is  to  account  for  adjacent 
fasteners.  These  correction  factors  were  developed  by  using  the  boundary  Integral  £quation  (BIE)  method.  Extensive 
correction  factor  data  for  both  the  loaded  and  open  hole  cases  in  boron  epoxy  laminates  (0°,  ±45°)  is  given  in  Ref.  4.  Joint 
eccentricity  (single  lap  joints)  is  not  considered  in  this  investigation. 

So  far  only  the  single  fastener  analysis  has  been  addressed  in  this  discussion.  In  multifastener  joints  the  load  distribution 
among  the  individual  fasteners  is  determined  by  an  approximate  load  partitioning  analysis*4*.  After  determining  the 


FIG  7:  INFINITE  PLATE  STRESS  CONCENTRATION  FACTORS,  K*,  FOR 
A  LOADED  HOLE  IN  (0°/  ±  45°]  BORON-EPOXV  LAMINATES 
REFERENCE  4 


individual  fastener  loads,  the  multifastener  joint  is  modeled  aa  a  series  of  single  fastener  coupons.  The  stresses  in  the 
individual  fasteners  are  determined  by  the  single  fastener  analysis  outlined  earlier.  The  load  partitioning  analysis  for 
multlfastener  joints  is  based  on  an  elongation  matching  technique.  The  distribution  of  fastener  loads  in  a  column  of  N 
fasteners  is  written  as 

£  P*  =  --■?  r  *  F  (N  —  1)  equations  (16) 


where  Pg  is  the  ittt  fastener  load  from  one  end  of  the  joint,  ar.d  F  is  the  total  load  carried  by  a  column  of  fasteners. 
The  factors  m  and  s  are  integral  functions  of  the  modulus  and  cross-sectional  areas  of  the  main  plate  and  the  space  plate 
respectively. 


_  /*•♦!  it 
' =  k  E.(*)A.(«y 


(17) 


By  considering  equilibrium  of  the  joint  at  each  fastener  location,  Eq.  (16)  can  be  written.  The  overall  equilibrium  of  the 
joint  can  be  exp-esaed  as 

N 

£  Pt  =  F  Nu  equation  (18) 

»=i 

With  additional  assumptions  to  evaluate  the  integrals  in  Eq.  (17),  the  N  equations  can  be  solved  for  the  N  unknown 
fastener  loads.  Once  the  fastener  loads  are  determined,  the  single  fastener  analysis  provides  stress  information  around  the 
holes.  Then  the  application  of  an  appropriate  failure  criterion  gives  the  fastener  design  load.  The  maximum  ply  stress,  the 
maximum  ply  strain  or  some  modification  of  the  Von-Miaee  (Tsai-Hill)  criterion  is  generally  used  in  such  failure  analysis. 

Following  Wasscsak's  and  Cruse’s  investigation,  Garbo  and  Ogonowski  (McAir)  conducted  both  analytical  and  experi¬ 
mental  investigations  on  single  fastener  joints  in  an  Air  Force  program)1-'!.  Their  analysis  is  similar  in  the  sense  that  it  was 
based  on  two  dimensional  anisotropic  plate  theory  with  the  superposition  of  results  obtained  from  an  infinite  plate  analysis 
with  an  open  hole  and  a  loaded  hole.  In  addition,  they  have  applied  the  characteristic  dimension  (Jtc)  failure  hypothesis, 
Fig.  8.  This  analysis  was  implemented  in  a  computer  program  called  BJSFM  (fiolted  Joint  Stress  Field  Afodel).  The 
failure  criterion  was  applied  on  a  ply-by-ply  basis  at  a  characteristic  distance  away  from  the  hole  boundary. 


FIG  8:  CHARACTERISTIC  DIMENSION  FAILURE  HYPOTHESIS 
REFERENCE  2 


A  number  of  failure  criterion  options  were  provided  in  the  program.  The  strength  envelopes  for  various  failure  criteria 
for  graphite  epoxy  (AS-3501-6)  material,  ignoring  matrix  failure,  are  shown  in  Fig.  9. 

The  stress  distributions  around  the  holes  for  open  holes  and  loaded  holes  are  shown  in  Figures  10  an  11.  Stress 
concentrations  in  composite  materials  are  affected  by  laminate  layup  and  load  orientation.  Table  1  gives  values  of  the 
stress  concentration  factors  for  some  of  the  graphite  epoxy  layups. 

Empirical  estimates  of  the  finite  width  effects  are  included  in  the  BJSFM  program.  This  program  was  used  to  address 
the  effects  of  a  number  of  joint  design  variables  (Ref.  1): 

a.  Joint  anisotropy 

b.  Hole  sise 

e.  Finite  width 

d.  Characteristic  dimension  sensitivity 

e.  Biaxial  loading 

f.  Pure  bearing  strength 

g.  Environment 


FIG  0:  FAILURE  CRITERIA  COMPARISON 
REFERENCE  2 
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FIG  10:  CIRCUMFERENTIAL  STRESS  SOLUTIONS  AT  UNLOADED  HOLES 
REFERENCE  2 
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FIG  U:  CIRCUh' .  ERENTIAL  STRESS  SOLUTIONS  AT  LOADED  HOLES 
REFERENCE  2 
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The  remits  of  this  study  were  reported  in  Ref.  2.  Other  finite  geometry  effects,  such  »s,  joint  eccentricity,  joint  torque, 
multifastener  joints,  nnd  interference  from  neighboring  stress  reisers  (cut-outs)  were  not  sddressed  in  this  investigntion. 

Another  important  bolted  joint  analysis  program  is  A«EJ  developed  by  Hart-Smith  (Douglas  Aircraft  Company)  for 
i  lie  Air  Forcr1*1,  This  program  is  based  on  a  semiempirka)  approach.  The  load  transfer  through  the  mechanical  fasteners  is 
explained  in  terms  of  the  relative  displacement  between  the  members  of  each  fastener  station.  The  assumed  mathematical 
model  for  the  load  transfer  is  shown  in  Fig.  i2.  The  relative  displacements  between  the  members  are  explained  in  Fig.  13. 
The  load  sharing  between  the  multirow  fasteners  is  explained  in  Fig.  14. 
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FIG  12:  FASTENER  LOAD-DEFLECTION  CHARACTERISTICS 
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FIG  IS:  DEFORMATIONS  IN  MECHANICALLY-FASTENED  JOINT 
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FIG  14:  LOADS  AND  DEFORMATIONS  ON  ELEMENTS  OF  A  BOLTED  JOINT 
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A  finite  element  approach  to  bolted  joint  analysia  waa  proposed  by  Chant,  Scott  and  Sprinter^.  The  objective  wai 
to  estimate  the  failure  strength  and  the  failure  mode  of  pinloaded  hole*  in  composites.  Three  problems  were  considered  in 
this  investigation: 

a.  A  single  pinloaded  hole 

b.  Two  pinloaded  hole*  in  series 

c.  Two  pinloaded  holes  in  parallel 

A  finite  element  program  (BOLT)  waa  developed  for  the  analysis  and  design  of  bolted  joints  in  composite*.  A  simple  failure 
criterion  involving  the  longitudinal  and  shear  strength  of  a  single  ply  at  a  characteristic  distance  from  the  bolt  hole  is 
implemented  to  evaluate  the  failure  load  of  the  joint. 

The  most  recent  Air  Force  program  on  bolted  joints  in  composite*  was  completed  in  September  of  19M(>,(~I<).  It  is 
the  most  comprehensive  bolted  joints  program  to  date,  and  it  was  directed  by  Ramkumar  of  Northrop  Corporation.  There 
were  bur  main  task*  in  the  program.  The  first  task  consisted  of  the  development  of  analytical  technique*  and  experimental 
verification  of  single  fastener  joints.  The  effects  of  finite  geometry,  through  the  thickness  variables  (due  to  joint  eccentricity 


in  sing)*  Up  joint*),  environmental  effects  end  durability  are  some  of  the  important  iaeues  reaolved  In  this  tank.  The  second 
task  addressed  the  same  issue*  for  multifastener  joints  and  stress  concentration  Interactions.  Both  these  tasks  involved 
the  development  of  new  computer  programs,  SASCJ  (Strength  Analysis  of  Single  listener  Composite  joints)  and  SAMCJ 
(Strength  Analysis  of  Afultifastener  Composite  /ointa).  Those  programs  can  he  extremely  effective  tools  for  joint  design. 
The  details  of  these  programs  are  provided  in  Refa.  4,11,  Full  scale  verification  of  the  analytical  and  experimental  methods 
developed  in  the  first  two  tasks  constitutes  the  third  task.  At  the  end  of  these  three  tasks  analytical  tools  were  well  defined 
for  the  analysis  and  design  of  representative  bolted  composite  joints.  These  analytical  methods  and  experiment*  addressed 
both  fiber  and  matrix  dominated  cases  in  bearing  and  bypass  loadings.  A  comprehensive  design  guide  for  bolted  joints  In 
composites  was  developed  in  the  fourth  task.  The  results  of  this  investigation  are  reported  In  References  1,8-14. 

The  single  fastener  analysis  implemented  in  SASCJ  is  also  based  on  anisotropic  plate  theory.  It  is  also  a  superposition 
of  loaded  and  unloaded  solutions.  However,  tnis  solution  is  augmented  by  a  least  square*  boundary  collocation  procedure 
to  account  for  finite  geometry  effects.  This  procedure  is  a  significant  Improvement  over  empirical  estimates.  The  joint 
eccentricity  problem  (single  Up  joint)  is  solved  by  modeling  fastener  bending  aa  a  beam  on  an  elastic  foundation,  the 
fastener  being  the  beam  and  the  plate*  on  which  it  bear*,  acting  as  the  foundation.  In  computing  the  three  dimensional 
stress  field  at  the  fastener  location,  piecewise  uniform  moduli  were  assumed  to  represent  various  plies  in  a  bolted  laminate. 
The  fastener  is  modeled  as  a  Timoshenko  beam  to  account  for  bending  and  shear  deformations,  To  account  for  the  reduced 
ply  stiffness,  after  an  initial  damage,  a  bilinear  contact  load  versus  deflection  curve  was  used  to  represent  the  foundation. 
At  the  head  and  nut  locations  of  the  fastener,  rotational  constraints  were  introduced.  The  applied  torque  and  site  of  the 
washers  affect  the  boundary  conditions.  Fastener  torque  also  introduces  friction  forces  on  the  bolted  plates,  thus  reducing 
the  load  transferred  by  the  fastener.  If  either  of  the  bolted  plates  it  a  laminate,  its  stacking  sequence  will  Influence  the 
fastener  displacement  and  the  load  distribution  in  the  thickness  direction.  The  differential  equation  resulting  from  the 
beam  on  an  elastic  foundation  analogy  is  solved  by  a  finite  difference  approach  using  a  central  difference  operator. 

Using  the  SASCJ  code  a  number  of  joint  parameters  were  studied  in  Reference  4.  The  finite  geometry  variables,  such 
as,  width  of  the  plate,  edge  distance  and  diameter  of  the  hole  affect  the  failure  load,  and  the  infinite  plate  solutions  are 
generally  not  adequate  for  evaluating  the  joint  strength.  Joint  variables,  single  and  double  shear  load  transfer,  fastener 
sise,  fastener  material,  and  the  effect  of  laminate  stacking  sequence  on  the  through  the  thickness  load  distribution  are  the 
parameters  studied  with  reference  to  the  joint  eccentricity.  They  cannot  be  accounted  for  in  a  two  dimensional  analysis. 

Options  for  a  number  of  failure  criteria  were  provided  In  the  SASCJ  program.  These  are  expressed  in  terms  of  inplane 
stresses  and  strains:  1)  point  stress  failure  criterion,  S)  average  stress  failure  criterion,  S)  maximum  strain  (fiber  direction) 
criterion,  4)  Hoffman  criterion  and  5)  Tsai-HIll  criterion.  The  first  two  criteria  predict  three  mode*  of  failure  in  each  ply: 
net  section,  shear-out  and  bearing.  The  maximum  strain  criterion  predicts  ply  failure  baaed  on  fiber  directional  strain. 
The  Hoffman  snd  Tsai-HIll  criteria  predict  ply  failure  accounting  for  biaxial  strwa  interaction. 

The  SAMCJ  program  wan  developed  for  determining  the  fastener  load  distribution  in  a  multifastrnrr  joint.  The 
analysis  is  based  on  special  finite  elements.  Four  special  finite  elements  were  developed  using  a  fastener  analysis  and  a 
stress  analysis  that  accounts  for  the  finite  laminate  planform  dimensions.  These  elements  include  a  loaded  hole  element, 
an  unloaded  hole  element,  a  plain  element,  and  an  effective  fastener  element.  With  the  finite  element  model  of  the  bolted 
joint,  the  fastener  load  distribution  and  the  average  stresses  at  the  fastener  and  cut-out  locations  ran  be  computed.  The 
fastener  load  distribution,  the  critical  fastener  or  cut-c  t  location,  the  joint  failure  load  and  the  corresponding  failure  mode 
ate  predicted  by  SAMCJ.  SASCJ  Is  an  independent  program  as  well  as  a  subset  of  the  SAMCJ  program.  More  details  of 
the  analysis  procedures  in  these  programs  are  presented  in  Reference*1'". 

S.  REVIEW  OF  EXPERIMENTAL  PROGRAMS 

The  credibility  of  an  analysis  procedure  is  questionable  without  some  experimental  verification.  This  is  particularly 
important  in  the  case  of  nonhomogeneoua  materials  such  as  laminated  composites.  The  approximate  two  dimensional 
analysis  developed  in  Ref.  (4)  has  addressed  little,  if  any,  experimental  verification.  A  few  simple  coupon  testa  reported 
in  References  II  and  IQ  were  used  to  compare  the  analysis  results.  These  are  geometrically  similar  graphite-epoxy  bolt 
bearing  specimens  tested  to  failure.  The  specimens  all  failed  in  net  tension.  If  the  material  it  truly  stress  critical,  it  would 
be  possible  to  predict  the  failure  loads  in  all  cates  by  analysis.  However,  this  is  not  the  case.  It  it  generally  believed  that 
the  analysis  results  exhibit  consistent  conservatism.  This  is  particularly  true  in  the  case  of  the  maximum  ply  stress  failure 
criterion.  The  hole  else  offsets  and  characteristic  distance  hypothesis  can  explain  the  conservatism  and  help  in  predicting 
the  joint  failure  load  more  accurately. 

An  extensive  experimental  program  to  verify  the  analysis  results  was  conducted  at  McAir  on  an  Air  Force  program'''*). 
This  test  program  addressed  both  static  strength  and  fatigue  life  issues  in  composites.  However,  the  test  program  was 
limited  to  coupon  test*.  The  effect*  of  twelve  joint  design  variable*  on  static  strength  were  experimentally  evaluated.  These 
variables  are: 

1.  Fastener  Torque 

2.  Stacking  Sequence 

3.  Single  Shear 

4.  Thickness 


5.  Countersunk  Fastener* 


M2 


8.  Load  Or  Ieo  tattoo- Off- Axis  Loads- Bearing  tad  Bypass  Alltncd 

T.  Hole  Sine 

I.  Edge  Distance 
8.  Width 

10.  Layup 

II.  Fastener  Patterns 

12.  Loud  Interaction  -  Bypan  and  Btarlnt  Nonaligned 
Four  specimen  configurations  war*  uacd  la  this  tout  program: 

a.  A  Single  Bolt  Pure  Bearing 

b.  A  Two  Bolt  In  Tandem  (Load  Sharing) 

c.  A  Four  Bolt  Faatener  Pattern  Specimen 

d.  A  Two  Bolt  Load  Interaction  Configuration 

The  analyaie  verification  using  the  BJSFM  program  waa  limited  to  five  of  the  twelve  deeign  variables.  The  other  variables 
were  beyond  the  scope  of  the  analytical  methods  used  in  BJSFM.  The  five  variables  were  layups,  load  interaction,  off-axis 
loading,  hole  site  and  width.  At  first,  the  strength  predictions  from  the  analysis  were  correlated  with  data  obtained  from 
testa  of  specimens  with  unfilled  fastener  holes.  Both  tension  and  compression  loading  to  failure  were  used  in  these  tests. 
The  characteristic  dimension  (Be)  of  0.02  inch  for  tensile  strength  predictions  and  0.025  inch  for  compressive  strength 
predictions  waa  empirically  determined  for  a  laminate  made  of  Hercules  AS/3SO-6  graphite-epoxy.  The  analysis  results 
were  correlated  with  the  unloaded  hole  case  for  an  extensive  range  of  layup  variations.  The  predicted  results  were  within 
ilO^f  of  the  experimental  results. 

This  investigation  addressed  also  the  effects  of  manufacturing  anomalies.  The  results  of  this  study  tell  into  two  groups: 
l)  Porosity  r  round  the  hole,  improper  fastener  seating  depth  and  tilted  countersinks  resulted  in  stength  reductions  of  over 
13  percent;  2)  Out  of  round  holes,  broken  fibers  on  the  exit  side  of  the  hole,  interference  fit  tolerances  and  removal  and 
reinstallation  anomalies  resulted  in  less  than  13  percent  strength  reduction. 

Seven  critical  joint  design  variables  on  fatigue  life  were  evaluated.  Tests  were  performed  to  provide  data  on  joint  fatigue 
life  performance,  hole  elongation  and  failure  mode  behavior.  Single-fastener  pure  bearing  specimens  were  cycled  under 
tension-tension  (R  =  +  0.1)  and  tension-compression  (R  =  -1,0)  constant  amplitude  fatigue  loading  and  under  spectrum 
fatigue  loadings.  During  fatigue  testing,  load-deflection  data  was  obtained  at  specified  increments  of  accumulated  hole 
elongation.  Several  tests  were  performed  to  determine  the  effect  of  environmental  conditions.  Static  and  residual  strength 
tests  were  performed  on  selected  specimens  at  each  test  condition. 

Joint  fatigue  life  waa  defined  to  occur  at  specimen  failure  or  when  hole  elongations  of  0.02  inches  were  measured.  Little 
difference  was  noted  in  relative  fatigue  life  between  layups  30/40/10,  30/80/10  and  18/76/5  (0*,±4S*,80*  respectively) 
under  tension-tension  (R  =  +  0.1)  cycling.  Under  fttlly  reversed  load  cycling,  (R  =  -1.0),  hole  elongations  of  0.02  inch 
occurred  more  rapidly  in  the  matrix  dominant  18/78/3  layup,  followed  by  the  30/60/10  and  50/40/10  layups.  Under 
spectrum  fatigue  tests  of  all  three  layups,  no  hole  elongation  occurred  after  16000  spectrum  hours  at  test  limit  loads  of 
88%  of  static  strength  values.  This  agreed  with  constant  amplitude  fatigue  teat  results  as  well.  At  these  load  levels  16000 
hours  of  spectrum  loading  did  not  produce  enough  cycles  of  high  loads  to  produce  hole  elongation. 

Effects  of  fastener  torque-up  on  joint  fatigue  life  were  pronounced.  Torque-up  generally  produced  beneficial  effects  of 
increased  strength  and  fatigue  life  for  all  layups  in  both  tension-tension  (R  =  +  0.1)  and  tension-compression  (R  =  -1.0) 
loading.  However,  areas  of  damage  were  more  pronounced  for  specimens  with  torque-up,  and  also  failure  occurred  more 
abruptly  (rates  of  hole  elongation,  once  initiated,  were  faster). 

Effects  of  joint  eccentricity  and  geometry  also  influenced  joint  fatigue  life  characteristics.  Single-shear  specimens 
exhibited  lower  fatigue  life  than  the  baseline  double  shear  configuration.  Further  reductions  occurred  with  flush-head 
fasteners  compared  to  protuding  head  fasteners  due  to  increased  faatener  flexibility  and  specimen  bending.  For  the  18/76/5 
layup,  changes  in  specimen  width  caused  changes  in  the  failure  modes  and  significant  changes  in  strength  and  fatigue  life. 
However,  lor  the  50/40/10  layup,  variations  in  width  and  edge  distance  did  not  alter  either  failure  modes  or  strength  and 
fatigue  life.  Effects  of  the  remaining  variables  on  joint  fatigue  life  were  minor.  The  failure  modes  and  durability  were 
essentially  the  same  as  the  baseline  configurations. 

The  most  comprehensive  Air  Force  program  on  bolted  joints  in  composite  structures  was  conducted  by  Northrop 
Corporation!*'*  M*.  The  analytical  developments  in  this  progam  were  outlined  earlier.  The  single  fastener  analysis  results 
were  verified  by  extensive  testing  of  single  faatener  composite- to- metal  joint  specimens  of  various  configurations.  About 
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450  coupon  tests  were  made  to  verify  the  effects  of  various  joint  design  variables.  The  results  were  documented  In  Ref. 
9.  Of  the  450  testa  318  were  static  tests,  and  132  were  fatigue  tests.  The  single  lap  and  double  lap  configurations 
addressed  composite-to-metal  load  transfer  by  a  single  fastener,  and  the  bearing/ bypass  configuration  addressed  the  effect 
of  fractionally  increasing  bearing  loads  on  the  gross  laminate  strength  and  fatigue  life.  The  material  for  this  program 
was  AS  1/350 1-6  graphite  epoxy  unidirectional  tape,  the  prepreg  containing  approximately  35%  resin  by  weight.  The  test 
variables  were:  laminate  thickness,  stacking  sequence,  fastener  diameter  (D),  specimen  width  (W),  edge  distance  (E), 
fastener  material,  fastener  head  type  (protruding,  tension  head  countersink  and  shear  head  countersink),  type  of  loading, 
(tension  or  compression),  bearing  to  total  load  ratio,  joint  configuration  (single  or  double  lap),  fastener  torque  and  the 
environment  (RTD-rootn  temperature,  dry;  RTW-room  temperature,  wet;  218W-218°F,  wet). 

The  fatigue  tests  covered  all  the  joint  variables  in  the  static  teat  cases.  Additional  fatigue  test  variables  were:  type  of 
loading  (constant  amplitude  fatigue  or  blocks  of  constant  amplitude  fatigue  loading  at  different  mean  intervals)  and  the 
minimum  to  maximum  cyclic  load  ratio  (R).  Fatigue  loads  were  imposed  at  a  10  Herts  frequency. 

In  addition  to  the  single  fastener  joints,  160  composite-to-metal  multifastener  joints  were  tested  to  verify  the  multifas¬ 
tener  joint  analysis  results  from  S  AMCJ.  A  number  of  fastener  arrangements  were  considered:  two  fasteners  in  tandem,  two 
at  an  Angle  to  the  load  direction,  three  fasteners  in  two  arrangements,  four  fasteners  in  a  rectangular  pattern,  five  fasteners 
in  tandem,  three  fasteners  in  each  of  two  rows  with  an  adjacent  cut-out,  and  four  fasteners  in  each  of  two  rows  with  a 
cut-out  either  between  or  adjacent  to  the  rows.  A  unique  fastener  load  measurement  technique,  using  strain-gaged  bolts, 
was  applied  to  every  test  case  to  compute  the  fractional  fastener  loads  corresponding  to  the  various  test  conditions.  This 
information,  in  conjunction  with  photographic  records  of  failed  test  specimens,  was  very  useful  in  validating  the  strength 
of  multifastener  joints. 

The  final  tests  in  this  program  consisted  of  representative  full  scale  test  specimens.  The  vertical  tail  root  section  of 
an  aircraft  was  sclented  for  full  scale  testing  to  verify  the  design  and  analysis  programs  developed.  The  test  element  was 
analysed  using  the  analytical  methods  developed  in  this  program.  Theoretical  predictions  correlated  well  with  experimental 
results. 

The  Northrop  program  was  concluded  with  the  development  of  a  comprehensive  design  guide^13).  Some  details  of  this 
total  program  will  be  presented  this  afternoon  by  Dr  RamkutnarlH). 

4.  CONCLUSIONS 

The  analysis  and  experimental  verification  programs  reviewed  in  this  paper  are  comprehensive  and  suitable  for  practical 
applications.  Due  to  the  empirical  nature  of  some  of  the  procedure*,  additional  experimental  programs  are  necessary  to  cover 
new  material  systems.  Metal  matrix  composites  and  the  materials  coming  out  of  the  new  powder  metallurgy  technology 
require  augmentation  to  Analysis  and  design  procedures  developed  so  far  in  these  programs.  This  augmentation  must  be 
based  on  extensive  experimental  verification.  Future  high  temperature  joint  applications  require  new  investigations  for 
analysis  verifications.  However,  the  programs  developed  so  far  will  form  a  solid  technology  base  for  future  investigations. 

There  are  a  number  of  industry  and  other  government  programs  which  could  not  be  reviewed  in  this  paper  due  to  time 
limitations.  Doth  the  NAVY  and  NASA  have  bolted  joint  programs  with  industry  (McAir,  Northrop)  Grumman,  General 
Dynamics  and  Boeing  have  in-house  projects  in  this  area.  A  future  review  should  consolidate  the  results  of  these  programs. 
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DAMAGE  GROWTH  IN  COMPOSITE  BOLTED  JOINTS 
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Abstract 

Static  and  fatigue  failures  of  composite  joints  are  dominated  by  the  growth  and 
propagation  of  typical  damages,  up  to  some  catastrophic  condition. 

Starting  from  experimental  observations  some  typical  damage  propagation  patterns  are 
identified  and  anlysed  with  simple  models  and  finite  element  schemes. 

This  extension  of  the  fracture  mechanics  approach,  to  a  broader  clas3  of  damages 
allows  some  Insight  into  the  intricate  behaviour  of  FRP  Joints,  and  gives  some 
suggestion  for  interpreting  and  correlating  experimental  data. 


1.  INTRODUCTION 


Fatigue  and  failure  of  composite  materials  are  still  a  difficult  and  intriguing 
problem,  despite  the  large  research  effort  devoted  to  them  in  the  last  years. 

This  apply  even  more  strongly  to  bolted  Joints,  where  fatigue  damage  and  static 
failure  are  likely  to  occur  at  lower  load  levels  and  with  more  comolicated  patterns. 

There  are  several  different  reasons  for  this  fact,  the  first  being  the  real 
intricacy  of  the  complex  phenomena  involved  in  composite  failure,  expecially  at  a 
microscopic  level.  But  definitely,  another  reason  has  been  the  lnsuccessful  attempt  to 
transfer  too  literally  the  Fatigue  and  Fracture  Mechanics  approach,  that  was 
successful  for  metals. 

In  fact,  in  the  early  literature,  composites  were  considered  Just  as  homogeneons  (or 
homogeneized)  anisotropic  media,  prone  to  the  macroscopic  fatigue  and  fracture 
phenomena  typical  of  metals. 

So  the  study  was  dedicated  to  the  stress  concentration  factors  around  a  hole,  and 
to  the  stress  Intensity  factor  at  the  tip  of  a  through-the-thlckness  crack  In 
anysotroplc  elastic  solids. 

On  the  other  hand  early  fatigue  tests  were  only  in  tension,  with  the  main  aim  of 
measuring  the  number  of  load  cycles  to  failure;  this  now  is  considered  to  be  searcely 
significant . 

Nevertheless,  even  if  not  so  quickly  as  it  was  expected,  a  large  amount  of 
experimental  observation  was  carried  on,  which,  produced  and  consolidated  a 
substantial  knowledge  on  the  strength  and  fatigue  of  composite  and  composite  joints. 

Among  the  facts  that  are  now  clear,  even  if  not  all  satisfactorily  explained,  the 
most  significant  are: 

a)  the  typical  damage  extending  under  fatigue  loading  is  not  a  localized  crack,  but  a 
system  of  intralaminar  and  interlaminar  fractures  (delaminations) distributed  in  a 
certain  area  or  volume; 

b)  The  most  significant  damage  parameter  to  be  recorded  in  fatigue  testing  is  the 
specimen  stiffness  (or  elastic  modulus)  decrease; 

c)  compression  is  generally  producing  higher  damage  extension  rates  through  the 
mechanisms  of  mlcrobuckling  (buckling  of  single  fibers)  or  minibuokling  (buckling 
of  relatively  thin  layers); 

d)  in  a  bolted  Joint  a  positive  clamp-up  Is  essential  for  a  good  duration. 

As  it  will  be  shown  later  point  a)  Is  essentially  due  to  the  fact  that  clamp-up 
prevents  micro  and  minlbuckllng,  even  in  areas  of  extended  delamination. 

Then,  in  composite  fatigue,  It  is  sensible  to  consider  an  extending  damaged  area, 
containing  several  fractures  of  different  types,  more  than  a  single  extending  crack. 

With  this  in  mind  the  extension  of  the  Fracture  Mechanics  approach  to  composites  and 
composite  Joints  can  be  very  useful  [l J , [j j . 

Beside  the  concept  of  an  extending  damaged  area,  the  single  damage  mechanisms  should 
be  investigated  deeply  to  obtain  a  better  undestanding;  this  can  be  helped  by  the 
analysis  of  simple  models,  and  may  require  well  focused  experiments. 

This  paper  is  dedicated  to  the  study  of  simple  models,  with  the  aim  of  explaining 
some  damage  mechanics,  and  possibly  to  find  some  applicable  results. 
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2.  DELAMINATION  MECHANICS 


As  It  has  been  already  suggested)  the  more  suitable  Delamlnatlon  Mechanics  parameter 
Is  the  Energy  Release  Rate  G,  which  can  be  defined  as  the  decrease  In  the  strain 
energy  V  for  unit  Increase  in  the  delamlnatlon  area  A,  In  a  "Fixed  Grlo"  condition, 

Gs-(^r\ Q.  .  u) 

Let  us  consider  a  symmetrical  delamlnatlon  of  tne  outer  layers,  at  the  4  free  edges 
of  a  prismatic  coupon,  as  in  figure  1,  and  call  A  and  B  the  configurations 
corresponding  to  complete  delamlnatlon  and  to  null  delamlnatlon,  respectively  (figure 
2). 

For  a  given  strain  £*.  and  coupon  length  1,  if  configuration  A  and  B  are  both 
orthotropic  respect  to  xy,  the  strain  energies  can  be  put  as 

,  <2) 

and,  in  the  configuration  of  figure  1: 

V=f  VA+(l-2')VB  +  4Vp  .  (3) 

Vp  being  the  strain  energy  associated  with  the  stress  diffusion  field  near  each  of 
the  4  crack  tips. 

If  diffusion  length  is  small  enough  compared  to  crack  length,  an  increase  in  a  will 
only  cr.use  a  displacement  of  each  stress  diffusion  field  without  distation,  so  it  can 
be  assumed  that  *  ©  1  and  then 

* C4) 

the  delaminated  surface  being  A=4al . 

If  the  outer  delaminating  layers  are  thin  compared  to  the  core  of  the  laminate,  the 
energy  release  rate  (4)  takes  the  simple  form: 

where  ;  ''■it ,  relate  to  the  outer  layers  and  Vx  to  the  core. 

It  can  be  useful  to  define  a  non-dimensional  energy  release  rate  g,  so  that 

G  *  e  ■■  <•> 

in  this  case  the  non-dimensional  energy  release  rate  for  the  free  edge  delamlnatlon  of 
an  outer  thin  layer  is: 

=  .(7) 

Let  us  now  consider  a  thin  outer  layer  delaminated  from  a  ticker  laminate,  in  a  spot 
of  length  2a  in  x  direction.  If  the  laminate  has  a  contraction  ,  the  thin  layer 

can  undergo  compression  buckling,  its  critical  strain  being: 

itaf 

With  reference  to  figure  3,  since  the  normal  displacement  of  the  buckled  layer  is 
,  it  is  easy  to  demonstrate  that 


C-WO 


where  b  and  L  are  a  given  width  and  length,  respectively . 

Since  in  this  case  the  delaminated  area  to  be  considered  is  A=2ab,  considering  (1) 
and  ( 6 ) :  _ 


g-i+zf-*- 


It  must  be  observed  that  the  non-dimensional  energy  release  rate  (9)  is  the  sum  of  a 
mode  I  and  a  mode  II  term,  l.e. 


g=  8i+%r 
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3.  THE  DUGDALE  MODEL 

The  Dugdale's  "yield  strip"  model  can  be  useful  to  separate  the  energy  release  rates 
of  the  2  modes  3  ,  4  .  It  assumes  for  the  interlaminar  layer  a  rigid-plastic 
behaviour,  i.e.  a  constant  tension  stress  in  mode  I  opening  (figure  4  and  5)  and 

a  constant  shear  stress  “By  in  mode  II  opening  (figure  6). 

Calling  u  and  w,  respectively,  the  longitudinal  and  normal  displacements,  the  Crack 
Opening  Displacements  are  defined  an  ,  ,  and  the  energy 

release  rates: 

Gi  *  ®y  CODr  :  (11) 

are  independent  from  the  values  of  ®y  and  ty  ,  which  therefore  can  be  assumed 
arbitrarily. 


The  differential  equations  of  the  Dugdale  model,  in  this  case,  are: 


for  mode  I 

-  6V 

.and 

T 

for  mode  II 

a*  -  -  Ev 

;  (12) 

1  -  H.1*) 

Applying  the 

proper  boundary  conditions. 

considering 

Jjr  and  Ijj  among  the 

unknowns ,  and 

using  the  definition 

(6)  of 

the  non-dimensional  energy  release  rate. 

from  equations  (12)  and  (11)  it  can  be  easily  shown  that 
A  Y  )  and ,  (13) 

(14> 

and  then  ,  as  was  found  in  (9)  with  an  entirely 

different  approach.  e 

Figure  7  shows  diagrams  of  g  and  g^  versus  £.  ,  computed  with  (9)  and  (14),  for 
different  values  of  a/t. 

It  must  be  observed  that  when  buckling  is  well  developed  the  tltal  non-dimensional 
energy  release  rate  g  changes  very  little  with  a,t  and  €.  ,  all  the  curves  remaining 
in  the  neighborhood  of  the  maxlmun  (4/3). 

At  low  compression  strain  gj  can  be  much  higher  than  g  ,  while  at  higher  strains 
this  difference  is  much  smaller.  In  any  case  both  g  and  g1  are  much  higher  than  the 
Free  Edge  delamination  g£  (7). 

This  is  a  simple  but  rational  model  that  can  explain,  and  possibly  could  be  used  to 
evaluate,  the  tendency  of  delamination  to  extend  quite  rapidly  in  compression  buckled 
spots. 


4.  INSUFFICIENT  CLAMP-UP 

Around  a  bolt  in  a  Joint,  in  the  side  where  bearing  pressure  is  exerted,  high 
compressive  strains  are  likely  to  develop,  and  then  a  high  damage  propagation  rate  is 
likely  to  occur. 

So  a  positive  clamp-up,  with  a  relatively  lange  washer,  is  very  beneficial, 
preventing  buckling,  and  leaving  possible  delamlnatlon  extension  only  to  mode  II. 

But,  if  the  bolt  is  not  tight  enough,  some  wear  may  occur  due  to  the  sliding  of  the 
Joined  parts,  and  then  some  small  play  may  develop,  then  allowing  for  a  certain  amount 
of  buckling. 

In  this  case,  if  2h  is  a  small  normal  gap  between  the  delaminated  layer  and  an 
ideally  rigid  wall  (representing  the  washer),  the  buckling  phases  shown  in  figure  8 
are  occurring,  in  succession  with  increasing  compressive  strain  ;  in  the  even 

phases  all  the  wave  crests  are  against  the  rigid  wall,  while  in  the  odd  ones  there  is 
at  least  one  wave  crest  which  is  lower  than  the  wall,  and  then  which  can  still  grow  in 
the  gap . 

Following  this  model,  in  an  odd  phase  with  n  waves,  the  wavelength  is  and 

the  critical  strain 

'  A  J  .(15) 

The  amplitude  C  of  the  wave  that  is  not  touching  the  wall  is  given  by  the  equation: 

Cl(K-l)kZ=  u(qp)*(f-fe) 


.  (16) 


The  strain  energy  ia 


{(L~2A)£*Zae? + +c21(t?x  J 


and  then: 


grr  1  +  2|f-3(|0 


while  g  la  atill  given  by  (14).  It  ia  worth  noting  that  (17)  is  formally  identical 
to  (9)  ,  but  has  a  different  value. 

The  phase  2n-l  changes  into  the  following  even  phase  2n  when  C>h,  i.e.  when 

«-*«  s)‘  ■  <»> 

After  this  point  <A  has  the  decreasing  value 

nnd  ff-  ■  (80> 

- 

The  mode  II  energy  release  rate  is  still  given  by  (14). 

The  phase  2n  ends  into  a  new  odd  2n+l  phase,  when  a  new  wave  can  develop,  i.e.  when 

X  ^  a/(«+i)  •  (22) 


Figure  9  and  10  3how  the  trend  of  g  and  gJX  versus  6  ,  for  3  values  of  a/t  and  2 
values  of  h/a. 

It  must  be  noted  that  g  Jumps  passing  from  an  odd  to  an  even  phase  and  vloeversa, 
the  even  phases  having  much  lower  values.  In  the  even  phases  (I.e.  when  all  waves  are 
against  the  wall)  g  is  higher  than  g,  and  therefore  gj  is  negative.  This  means  that 
delamination  can  still  propagate  by  mode  II  while  mode  I  is  closing,  as  it  can  be 
easily  seen  in  figure  8. 

In  this  case  the  total  energy  release  rate  g  is  not  adeguate  to  correlate  damage 
propagation,  and  the  separation  into  its  components  g  and  g  is  essential. 

Comparison  of  figure  9  and  10  shows  that  a  reduction  in  the  play  h  is  beneficial 
because  it  reduces  g^j  and  the  amplitude  of  the  strain  intervals  of  even  phases:  but 
the  peak  values  of  g  are  only  sligthly  modified. 

So  in  an  alternating  load  condition,  going  through  all  the  values  of  the  strain  fc 
,  some  of  the  peaks  of  g  will  be  encountered  at  every  cycle. 

that  means  that  even  a  very  small  amount  of  play  can  be  detrimental,  and  that  a  good 
fatigue  duration  demands  a  high  clamp-up. 


S.  A  GLOBAL  DAMAGE  CONCEPT 

In  the  previous  analyses  the  mechanics  of  different  delaminations  was  considered, 
through  the  evaluation  of  the  rate  of  strain  energy  release  for  unit  extension  of  tne 
damage  considered.  There  the  measure  of  the  damage  was  defined  as  the  area  of  the 
delamlnatlon  spot. 

But  experimentally  this  damage  can  be  rather  difficult  to  measure. 

Figure  11  shows  opaque  penetrant  enhanced  radiography  of  damage  extension  in 
fatigue:  the  specimen  is  a  coupon  of  quasl-isotropic  (0/90/45/-45)s  CFRP  laminate  in 
fatigue.  The  lamination  at  different  levels  are  developing  together  with  intralaminar 
cracking;  experimentally  it  is  quite  difficult  to  separate  such  different  damages,  and 
it  could  be  more  sensible  to  evaluate  the  extension  of  a  damaged  area  (or  volume). 

But  with  a  bolted  joint  even  this  latter  measure  could  be  very  uneasy. 

In  a  specimen  having  a  volume  D  the  strain  energy  can  be  generally  written  as 

V«jD  E£*  » 

having  defined  a  certain  measure  1^  of  the  damage,  the  energy  release  rate,  or  damage 
driving  force,  is  consequently 
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,  In*1— 


.  (23) 


Then  •  damage  is  such  If  it  produces  an  appreciable  change  in  the  average  modulus  E, 
and  it  is  sensible  to  adopt  the  following  global  damage  definition: 

C-  _E~ 

—2 — -  (24) 

pETo 

where  I*  <  1  is  the  ratio  of  a  typical  damage  area  dimension  and  the  corresponding 
specimen  dimension,  and  E  is  the  original  value  of  E.  For  instance,  in  a  specimen 
containing  a  single  hole,  °r  can  be  the  ratio  of  hole  diameter  to  specimen  width. 

In  the  case  of  point  2,  since  the  free  edge  delamination  may  cover  all  the  useful 
length  of  the  specimen,  r»l,  and  it  is  easily  shown  that  the  global  damage  measure  <jl> 
is  proportional  to  the  previously  assumed  damage  width  ,  being: 

'f-('|-f/F)r 

Definition  (24)  in  equation  (23)  gives  the  following  global  expression  for  the 
energy  release  rate 


<S-  JrDE.e*.  fV. 


.(25) 


With  this  definitions  the  most  essential  measure  to  be  taken  in  specimen  tests  is 
the  trend  of  the  modulus  E  versus  the  number  N  of  strain  cycles  of  amplitude 
Having  recorded  this  measures  it  will  be  easy  to  evaluate  with  (24)  and 

1  cl 


i  ±  (K  \ 


(26) 


dV 

then  correlation  between  G(25)  and  -jp  (26)  could  he  investigated. 

In  any  case  the  measurement  of  specimen  stiffness  (or  compliance)  changes, 
measure  of  damage  evolution  appears  to  be  mandatory. 


6.  FINITE  ELEMENT  ANALYSIS 

The  damage  growth  in  figure  11  has  been  Investigated  with  the  Finite  Element  model 
in  figure  12.  Due  to  simmetry  the  model  represents  only  half  the  thickness  of  the 
actual  laminate,  therefore  only  4  layers,  each  layer  containing  1  element  and  3  nodes 
in  the  thickness. 

Damage  was  assumed  to  be  delamination  of  the  0°  layer;  the  damage  growth  pattern  has 
been  taken  from  experimental  evidence  (shaded  areas  in  figure  12). 

Figure  13  shows  the  computed  values  of  the  global  damage  If*  (24)  versus  the  total 
delaminated  area  A. 

Since  the  90"  layer  in  the  damaged  area  has  a  relatively  high  compressive  stress,  it 
may  undergo  buckling  and  possibly  more  severe  conditions.  This  latter  phenomenon  can 
be  important,  if  the  clamp-up  is  insufficient,  but  it  has  not  been  yet  investigated; 
it  will  be  considered  in  the  future. 


7.  CONCLUDING  REMARKS 

The  extension  of  Fracture  Mechanics  approach  to  composite  joint  fatigue  can  be 
fruitful,  but  the  damage  concept  must  be  broadened  and  detailed,  to  cope  with  the 
complex  composite  damage  phenomenology. 

On  the  other  hand  in  specimen  fatigue  testing  the  most  significant  measurements  are 
the  applied  strain  history  and  the  elastic  modulus  evolution. 
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Figure  1:  Free  edge  delamination. 


Figure  4:  Dugdale's  yeld  strip  model  for  mode  I. 


Figure  5:  Dugdale’s  model:  Crack  Tip  Opening 
Di  splacement . 


Figure  6:  Dugdale's  model:  mode  II, 
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SUMMARY 

A  method  is  presented  for  the  calculation  of  stresses  in  an  anisotropic  plate  with  a  row  of  equally 
spaced,  pin-loaded  holes.  The  pin-plate  configuration  represents  a  praotloal  Joint  in  a  composite  laminate 
where  load  is  transferred  from  a  row  of  mechanical  fasteners  Into  the  laminate.  The  pins  fit  without 
clearance  in  the  holes  and  they  are  supposed  to  be  infinitely  rigid.  Numerical  results  are  presented 
showing  vsrlous  effects  of  geometrical  and  material  parameters  on  the  stress  distribution. 

The  problem  of  a  row  of  pin-loaded  holeo  in  an  anisotropic  plate  is  a  complicated  one  of  the  mixed¬ 
boundary  type.  Several  solutions  can  be  found  in  literature  based  on  simplifying  assumptions  regarding 
symmetry  and  geometry  of  the  problem.  The  present  solution  is  more  general  in  those  respects.  It  can  be 
considered  to  be  an  application  of  Lekhnltskli's  theory  on  stress  distributions  in  anisotropic  plates  with 
holes.  With  this  theory  the  determination  of  the  stresses  is  reduced  to  the  determination  of  two  complex 
functions  whick  must  satisfy  the  specified  boundary  conditions  of  the  problem. 


1 .  INTRODUCTION 

A  major  problem  related  to  the  use  of  composite  materials  in  engineering  is  the  design  of  reliable  Joints 
between  composite  parts  and  the  remainder  of  a  structure.  Adhesive  bonding  has  always  been  very  popular 
for  conventional  composites  and  the  advantages  of  continuous  load  transfer,  fluid  tightness  and  smoothness 
of  the  Joint  surface  are  well  known.  However,  since  the  development  of  the  so-called  advanced  composites 
there  has  been  a  growing  interest  in  mecnanlcally  fastened  Joints.  Advanced  composites  have  potentially 
important  applications  in  heavily  loaded,  primary  structures  and  although  mechanical  Joints  have  a  rela¬ 
tively  low  structural  efficiency  they  will  most  likely  be  preferred  to  adhesively  bonded  Joints  for  use  in 
those  structures.  An  important  reason  is  that  high  forces  at  the  Juncture  of  a  bonded  Joint  in  composites 
may  afreet  the  structural  integrity  oi  the  composite  material  Itself  because  or  its  low  interlaminar 
strength,  a  problem  which  does  not  occur  in  bonued  Joints  between  metal  parts.  Hence  the  load  carrying 
capacity  of  horded  Joints  in  composites  is  limlt»j.  Another,  more  general  reason  for  application  of 
mechanical  Joints  is  that  bonded  Joints  are  often  impracticable  in  view  of  disassembly  and  fabrloational 
simplicity. 

Due  to  the  Interest  for  many  engineering  areas  the  pin-plate  configuration  received  considerable  attention 
up  till  now.  Unlike  isotropic  materials  the  pin  bearing  capacity  of  composites  is  strongly  dependent  on 
the  design  of  the  mate:  .  1  ltseir  and  therefore  Joint  optimisation  in  composite  plates  requires  knowledge 
of  the  local  stresses  around  the  fastenera.  Two  aspects  of  the  theoretical  work  on  pin-plate 
configurations  are  or  special  interest: 

-  tne  modelling  or  *he  Joint  as  a  pin-loaded  anisotropic  plate  and  the  accurate  analysis  of  the  stresses; 

-  the  oredlctlon  of  failure  in  terms  or  the  resulting  stresses. 

In  the  present  work  we  emphasize  on  the  first  aspect.  A  solution  is  presented  for  the  problem  of  an 
anisotropic  plate  with  a  row  of  equally  spaced  and  equally  loaded  holts.  It  is  based  on  Lekhnltskli's  [1] 
continuum  method  of  complex  functions.  The  boundary  conditions  are  fulfilled  in  the  approximate  sense 
using  a  numerical  method  of  boundary  collocation.  Hence  the  solution  is  neither  purely  analytical,  nor 
purely  numerloal. 

The  analysis  of  an  anisotropic  plate  with  a  row  of  pin-loaded  holes  can  be  simplified  considerably  by 
assuming  symmetry  of  the  problem.  It  is  then  possible  to  model  the  plate  as  a  finite  width  strip  with  a 
single  pin  and  with  known  boundary  conditions  at  the  edges.  Finite  element  methods  are  very  appropriate 
for  such  problems.  In  real  Joints,  however,  the  requirements  regarding  symmetry  are  not  always  met  and  we 
therefore  will  not  assume  it  in  advance.  Hence  modelling  of  the  plate  as  a  strip  is  not  possible  since  the 
boundary  conditions  at  the  edges  cannot  be  defined.  Consequently  we  treat  the  problem  as  a  plate  problem 
with  a  periodic  set  of  loaded  holes. 

11  published  analytical  solutions  for  pin-loaded  composite  laminates  contain  the  determination  of 
..ekhnltskli's  complex  functions.  A  precondition  for  the  application  of  Lekhnltskli's  method  is  that  the 
laminates  are  Idealized  to  homogeneous,  two-dimensional  shuts  with  anisotropic  elastic  properties.  Hence 
the  laminate  lay-up  and  related  through  thickness  effects  must  be  ignored.  The  pin-plate  interaction  is 
essentially  different  for  different  laminates  and  therefore  the  contact  stresses  between  the  pin  and  the 
plate  are  not  known  a  priori.  The  evaluation  of  these  stresses  as  part  of  the  analysis  requires  the 
solution  of  a  complicated  mixed  boundary  value  problem  since  at  the  contour  of  the  hole  restrictions  are 
Imposed  to  both  the  displacement  and  the  forces.  This  aspect  of  the  solution  has  been  emphasized  in  the 
majority  of  the  published  work  [2-16],  in  most  solutions  the  analysis  is  reduced  to  a  boundary  value 
problem  involving  a  single  body,  namely  the  plate,  only.  Klang  [10]  and  Hyer  and  Klang  [11,12,13 J  were  the 
first  who  explioitely  modeled  the  pin  and  its  interaction  with  the  hole  by  including  pin-elasticity.  They 
showed  that  pin-elasticity  is  rather  unimportant  in  stress  predictions  compared  to  clearance,  friction  and 
elastic  properties  of  the  plate  material. 

Published  numerical  results  cover  almost  the  whole  field  of  parameters  which  are  of  Interest  for 
mechanical  Joints.  The  only  exception  is  non-symmetry  of  finite-geometry  problems.  In  the  present  work  the 
theory  of  pin-loaded  plates  is  therefore  generalized  to  the  problem  of  a  row  of  pin  load3d  holes  in  a 
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composite  plate  where  the  centerline  of  the  holes  and  the  direction  of  the  pin*loads  are  not  necessarily 
coinciding  with  one  of  the  material  symmetry  axes.  As  referred  to  before  a  purely  numerical  method  of 
solution  of  this  more  general  problem  is  diffioult  because  of  considerable  problems  in  formulating  the 
boundary  conditions  at  the  outer  oontour  of  the  considered  domain. 

The  solution  of  the  problem  is  based  on  the  consideration  that  in  a  practical  Joint  the  load  transfer 
consists  of  two  basic  load  systems,  see  Figure  1: 

-  a  plate  with  a  row  of  open,  unloaded  holes  with  a  self-equilibrating  load  system  at  the  outer  contour; 

-  a  plate  with  a  row  of  pin-loaded  holes,  transferring  the  load  from  the  pins  into  the  plate.  The  load 

applied  at  the  pins  is  reaoted  at  the  outer  contour  of  the  plate, 

Lekhnitakii 's  complex  functions  corresponding  to  these  two  basic  systems  are  derived  separately  and  in  a 
following  step  of  the  solution  the  functions  together  are  made  to  satisfy  the  boundary  conditions  of  the 

problem,  using  a  simple  collocation  technique.  This  results  in  a  set  of  linear  equations  in  terms  of  the 

unknown  coefficients  of  Lekhn itski i *s  functions  for  the  pin-loaded  plate.  Finally  the  coefficients  are 
evaluated  and  the  stresses  are  calculated  from  the  differentiated  functions. 


2.  ELASTICITY  SOLUTION 

The  boundary  conditions  for  the  pin-late  Interfaces 

Figure  2  shows  the  different  regions  of  the  pin-plate  interface.  The  contour  of  the  hole  is  divided  into: 

-  the  region  of  separation,  called  the  no-contact  area,  where  the  edge  of  the  hole  is  free  of  tractions; 

-  the  regions  of  slip,  which  are  parts  of  the  contact  area  between  pin  and  plate.  The  difference  in  radial 
displacements  of  these  parts  of  the  edge  of  the  hole  with  respect  to  the  edge  of  the  pin  must  be  zero. 
In  addition  the  friction  force  must  obey  a  friction  law; 

-  the  region  of  no-sllp,  which  is  the  rest  of  the  contact  area.  Here  the  displacements  of  the  edge  of  the 
hole  are  equal  to  the  displacements  of  the  corresponding  part  of  the  pin. 

The  extent  of  each  of  the  regions  of  the  interface  between  pin  and  plate  depends  on  a  number  of 

parameters: 

-  the  elastic  properties  of  the  pin  and  the  plate,  including  the  angle  between  principal  material  axes  and 
load  direction; 

-  the  clearance  between  the  pin  and  the  edge  of  the  hole; 

-  the  pin  displacement  (the  pin-loaded  hole  problem  with  clearance  is  non-linear); 

-  the  coefficient  of  friction; 

-  the  loading  situation  (there  is  an  essential  difference  between  loading,  unloading  and  possibly  static 
loading) . 

The  actual  extent  of  the  regions  must  be  determined  iteratively  by  the  requirement  that  tensile  tractions 
are  physically  excluded  and  by  the  requirement  that  the  friction  force  never  can  exceed  the  value  dictated 
by  a  friction  law. 

The  first  detailed  work  discussing  the  effects  of  pin-.f lexlbillty ,  clearance  and  friction  simultaneously 
was  presented  in  [10].  The  variation  of  these  parameters  was  studied  for  a  single,  pin-loaded  hole  in  an 
infinite  plate.  As  already  referred  to  in  the  introduction  the  results  showed  neglectible  differences 
between  steel,  aluminium  and  Infinitely  rigid  pins.  Since  pin-flexibility  complicates  the  solution  of  the 
stress  problem  greatly  and  since  the  present  study  emphasizes  on  finite  geometry  effects  we  will  consider 
infinitely  rigid  pins  only. 

In  [10]  clearance  between  pin  and  plate  was  shown  to  be  very  important.  Clearance  introduces  non -linearity 
since  the  contact  area  will  grow  with  the  load.  As  a  result  the  stress  distribution  is  load-dependent.  In 
the  no-clearance  or  push-fit  situation  as  it  was  also  studied  in  [10]  the  contact  area  appeared  to  be 
load-independent  which  resulted  in  a  linear  relation  between  the  load  and  the  pin-displacement.  This  was 
confirmed  experimentally  in  [17,18],  Lekhnltskii *a  complex  functions  of  the  present  study  can  be  used  for 
the  calculation  of  stresses  in  the  non-linear  clearance  cases  as  well,  utilizing  Mangalglri's  [15]  method 
of  inverse  formulation.  Mangalgiri  treats  the  non-linear  problem  by  applying  successively  an  essentially 
linear  analysis  to  various  configurations  of  contact  and  separation,  in  tnis  way  simulating  the  growing 
contact  area  during  loading.  We  will  restrict  the  calculations  to  no-clearance  oases  only;  for  more 
details  on  the  effects  of  olearance  the  reader  is  referred  to  the  work  of  Hyer  and  Klang,  Mangalgiri  and 
Naidu  et  al.  [16]. 

Because  of  the  presence  of  friction  between  the  pin  and  the  edge  of  the  hole  a  distinction  must  be  made 
between  the  solutions  for 

-  the  loading  situation;  the  load  increases, 

-  the  unloading  situation;  the  load  decreases  with  reversed  friction  forces, 

-  tne  statlo  situation  aa  it  may  occur  at  the  end  of  the  loading  situation. 

In  the  static  situation  the  points  of  the  edge  of  the  hole  do  not  displace  with  respect  to  the  pin. 
Nevertheless  friction  forces  will  be  present  between  the  pin  and  the  edge.  The  magnitude  and  the  direction 
of  these  forces  are  unknown  and  therefore  the  boundary  conditions  cannot  simply  be  defined.  For  that 
reason  the  static  case  will  be  excluded.  It  is  noticed,  however,  that  experimental  values  of  stresses, 
which  are  measured  during  static  situations,  cannot  agree  exactly  with  theoretical  stresses  in  the  loading 
or  unloading  situation. 

The  basic  load  systems 

An  important  reature  of  the  solution  is  the  superposition  of  an  infinite  plate  with  a  row  of  unloaded, 
open  holes  and  an  infinite  plate  with  a  row  of  pin-loaded  holes.  Figure  1  shows  the  superposition.  With  a 
suitable  choice  of  the  loads  on  the  plate  with  the  open  holes  the  result  of  the  superposition  is  a  Joint 
with  a  row  of  pins  reacted  at  one  side  and  with  no  by-pass  of  the  load  past  the  pins.  Obviously  the  loads 
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on  the  plate  with  the  open  holes  oan  also  be  chosen  so  that  the  result  of  the  superposition  Is  a  Joint 
vhero  the  load  Is  partly  by-passed,  a  situation  which  occurs  In  a  multiple-row  Joint. 

The  method  of  solving  Leknltskil'a  complex  functions  for  a  plate  with  a  row  of  unloaded,  open  holes  has 
been  adopted  from  Ref.  [19].  In  this  reference  the  elementary  functions  corresponding  to  an  arbitrary, 
open  hole  at  dlstanoe  ps  from  the  central  hole  are  presented  In  the  fora 


♦  ‘P)(VPS>  -  *  *nk)(VPs)‘n 

n-i  ,3 


zk  ■ x  *  v 

uk  ia  a  oomplex 
material  parameter 


k  -  1 ,2 

P  • 

p  ■  0  excluded 


(1) 


In  the  neighbourhood  of  the  central  hole  theae  funotiona  are  expanded  in  power  aerlea  of  The  oomplex 
funotiona  for  the  oomplete  array  of  hopen  holea  then  become 
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■  •  z  • 

♦2  £  £  -r  J  (-n)t-n-l) 

p-1,2  m-l,3  n-1,3 


(-n-m+1 )  g'k)(-ps)'n_m  (2) 


where  the  first  series  represents  the  Influence  of  the  central  hole  and  the  linear  term  corresponds  with  a 
homogeneous  stress  field. 


By  satisfying  the  boundary  condition  of  zero  tractions  at  the  edge  of  the  central  hole  a  system  of  linear 
equations  Is  obtained  for  the  unknown  coefficients  of  the  complex  functions.  Solving  a  finite  number  of 
those  equations  results  In  an  approximate  solution.  For  a  comprehensive  treatment  of  this  solution  Is 
referred  to  [19]  where  the  convergency  of  the  series  expansions  Is  dlsoussed  and  numerical  results  are 
presented.  It  is  emphasized  that  the  expansions  of  the  elementary  functions  of  the  Individual  holes  have 
limited  areas  of  convergence  around  the  central  hole.  Therefore  the  solution  for  a  plate  with  a  row  of 
unloaded,  open  holes  Is  strictly  limited  to  the  edge  of  the  central  hole  and  Its  dlreot  surrounding. 
Obviously  the  solution  for  the  Joint  with  a  row  of  pin-loaded  holes  Is  confined  to  the  same  area. 


The  complex  functions  ,*(zk)  for  a  plate  with  a  row  of  pin-loaded  holes  are  adopted  from  Reg.  tl9]  as 

well.  The  elementary  functions  ♦kP^(z(<-pa)  (k-1 ,2)  for  an  arbitrary,  pin-loaded  hole  at  dlstai.oe  ps  from 
the  central  hole  are  corresponding  with  a  radial  load  distribution  on  the  edge  of  that  hole 
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and  a  friction  force  distribution 
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(3b) 


where  the  dash  indicates  that  in  the  double-series  £  only  odd  combinations  of  m  and  n  have  to  he  taken. 

ra,n 

The  elementary  functions  of  the  individual,  pin-loaded  holes  are  therefore  completely  defined  in  terms  of 
the  unknown  load-coefricients  aR  and  bR  of  (3a)  and  (3b)  respectively.  Expressions  (3)  yield  loads  on  the 

upper  part  of  the  hole  edge  only.  This  implies  that  the  elementary  functions  ♦j^(zk-pa)  of  an  individual, 

pin- loaded  hole  guarantee  a  traotion  free  lower  half  of  the  hole  to  which  they  corresponds  for  every, 
arbitrary  set  of  the  coefficients  a  and  b  . 

-  n  n 


The  total  set  of  elementary  functions  ,kp)(zk-ps)  of  the  individual,  pin-loaded  holes  will  Interfere  and 
oannot  represent  the  complex  functions  ,*(zk)  Ton  a  plate  with  a  row  of  pin-loaded  holes.  Nevertheless  the 
elementary  functions  of  the  Individual  holes  are  simply  superimposed: 


■  p.r.  ♦kp,<vps) 


(9) 


As  a  result  *£(2^  yield,  physically  Impossible,  normal  and  tangential  shear  stresses  on  the  edge  of  the 

lower  half  of  eaoh  hole.  The  elimination  of  these  stresses  requires  the  solution  of  an  extra  set  of 
periodio  functions  i|>k(zk)  of  the  type  (2)  from  the  load  boundary  conditions  of  the  lower  half  of  one  of 

the  holes. 

The  complex  funotiona  representing  a  Joint  as  outlined  In  Figure  1  are  now  composed  by  superimposing  the 
various  functions  as  they  are  discussed  in  the  previous  paragraphs: 
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W  ■  ♦k<lk)  *  ♦k(zk)  *  W  K  -  1 .2  (5) 

-  +£(z)()  correspond  to  a  plate  with  a  row  of  unloaded,  open  holes.  They  contain  linear  terms  yielding 

homogeneous  stresses  which  are  used  to  modify  the  stresses  in  the  far  field  in  a  plate  with  a  row  or 
pin-loaded  holes.  In  this  way  realistio  loading  conditions  can  be  simulated. 

-  ♦£(*(,)  are  the  summed  elamentary  functions  corresponding  to  the  individual  pin-loaded  holes.  They 

oontaln  the  unknown  load  coefficients  a_  and  b. 

n  n 

-  ^(z^)  are  periodic  functions  which  eliminate  the  tractions  on  the  lower  half  of  the  holes  resulting 
from  ) .  They  disappear  in  the  far  field  and  therefore  do  not  Influence  the  equilibrium  of  the  Joint 
as  it  is  shown  in  Figure  1 . 

The  complex  functions  ^(z^)  fulfil  the  load  boundary  conditions  on  all  oontoura  of  the  Joint,  independent 
of  the  values  of  a^  and  b  .  Arbitrary  coefficients,  however,  may  not  yield  realistic  displacements  at  the 
upper  half  of  the  holes.  Therefore  a„  and  bn  are  evaluated  numerically  from  the  displacement  boundary 

conditions  of  the  contact  regions  between  pins  and  plate  in  connection  with  a  friction  law  which  couples 
the  radial  load  (3a)  and  the  friction  force  (3b).  The  displacements  (also  in  terms  of  the  unknown 


coefficients 

an 

and  b_) 
n 

can  be  found  with  the  well-known  expressions 

u  -  2Re 

tu1 

W 

♦  u2  *2(z2)] 

(6a) 

V  -  2Re 

tv, 

w 

♦  v2  ♦2(i2)] 

(6b) 

where  u^  and 

vk 

(k-1 ,2) 

are  complex  material  parameters. 

The  evaluation  of  the  load  coefficients  a  and  b 
-  „■  —  n - -  n 

The  pins  are  given  a  displacement  in  a  direction  perpendicular  to  the  centre  line  of  the  pit. -loaded  holes. 
This  implies  that  in  the  general  case  of  non-coinciding  material  axes  and  coordinate  axes  the  direction  of 
the  resultant  pin-load  is  not  known  and  must  follow  from  the  calculations.  The  displacement  of  an 
arbitrary  point  of  the  contact  area  consists  rr  two  parts: 

-  a  part  equal  to  the  displacement  of  the  pin  as  a  rigid  body,  say  the  displacement  v,  of  the  point  (0.1) 
in  Y-dlrection: 

-  a  tangential  displacement  relative  to  the  pin  with  components  up  and  v^.  The  radial  displacement  of  the 

points  or  the  plate  with  respect  to  the  pin  mist  be  zero  for  the  contact  area.  For  the  no-slip  region 
the  relative  tangential  displacement  is  zero  as  well. 

The  displacement  boundary  condition  for  the  slip  regions  is  for  small  deformations 


or,  with  u  -  u  and  v  «  v  ♦  v. 

r  r  l 

u  cos  0  ♦  (v  -  v^)  3in  0-0  (7) 

The  additional  condition  for  the  slip-regions  is  the  requirement  concerning  the  value  of  the  friction 
force.  Although  a  more  general  friction  model  could  be  used  the  simple  Coulomb-law  has  been  chosen.  With  u 
as  the  friction  coefficient  it  is  written  as 

T(s)  -  t  u  N(s)  <8) 

where  the  choice  of  the  +  or  -  sign  depends  on  the  direction  of  the  relative  tangential  displacement  of 
the  plate  mater ial,  see  Figure  2. 


The  relative  displacements  of  the  no-allp  region  both  are  zero,  hence  the  conditions  are  for  this  area: 
u  -  0  and  v  -  v^  -  0  (9) 

The  displacement  conditions  and  additional  condition  (8)  are  imposed  on  a  finite  number  of  points  of  the 

contact  area,  resulting  in  a  homogeneous  set  of  linear  equations  for  the  constants  a„  and  b  .  An  extra 

n  n 

non-homogeneous  equation  is  added  by  giving  the  component  Ry/po  of  the  pin-load  a  specified,  value.  Having 
solved  the  constants  an  and  bn  the  load  distributions  on  the  edge  of  the  hole  as  well  as  the  complex 
functions  are  completely  known.  After  differentiation  of  the  complex  functions  with  respect  to  zk  the 
stresses  are  calculated  with 


2Re  [p*  ♦] (z, )  *  +2<z2)3 


(10a) 
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3.  NUMERICAL  EVALUATION 
Choloe  of  tha  parameters 

The  following  variables  were  chosen  In  the  calculation  presented  In  this  section: 

-  the  plate  aatarlal  (S  ,  ) 

J*P 

-  the  spacing  of  tha  holes  (s/D) 

-  the  angle  between  the  principal  material  axes  and  the  coordinate  axes  (<P) 

-  the  aode  of  loading  (loading  or  unloading) 

-  the  ooefflolent  of  frlotlon  (p) 

-  by-pass  of  the  load 


(10b) 


( too) 


The  choice  of  the  numerical  values  of  the  various  parameters  will  shortly  be  discussed  In  the  subsequent 
paragraphs. 
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The  plate  material 

Four  carbon  fiber  epoxy  laminates  with  prlnolpal  stacking  sequences  [0^/i  45]a>  (Oj/t  45]a>  (0?/±  45]a  and 
[±  45]#  are  chosen  beoause  of  their  praotloal  applicability.  The  Index  s  refers  to  a  symmetric  stacking 

order.  The  sticking  order  Itself,  how  important  in  practice  it  nay  be.  Is  not  relevant  for  this 
Investigation.  It  is  noted  that  generally  the  0*-dlrectlon  of  a  laminate  has  the  highest  Young's-modulus. 
In  the  calculations  this  direction  coincides  with  the  Y-axis  or  makes  an  angle  (P  with  that  axis.  The 
engineering  constants  of  the  plate  materials  are  listed  in  Table  1.  The  properties  of  the  carbon  fiber 
reinforoed  plastic  (CFRP)  laminates  are  measured  values.  They  are  taken  from  various  publications  for 
reference  purposes.  Hence  there  Is  no  mutual  relation  between  their  properties  in  the  sense  of  the 
classical  laminate  theory. 


Table  t:  The  engineering  constants  used  In  the  calculations. 


Material 

E11 

OPa 

B22 

v12 

°12 

GPa 

CFRP  [Ojj/*  45]a 

20,43 

111,70 

0,12 

16,95 

[03/x  45.1, 

18,00 

92,00 

0,12 

u.oo 

tV*  "53s 

17,44 

63,17 

0,20 

17,37 

Ct  45], 
'lum.  7075-T6 

20.33 

20,33 

0,73 

27,74 

plane  stress 

71,72 

71,69 

0,33 

26,89 

plain  strain 

(80,69) 

(80,65) 

(0,50) 

(26,89) 

The  spacing  of  the  holes  s/D 

The  calculations  have  been  made  for  the  following  s/D-ratios: 

s/D  •  1,5  the  minimum  ratio  for  which  the  solution  still  gives  acceptably  accurate  stress  values 

s/D  -  3  generally  accepted  as  the  minimum  ratio  from  a  technical  point  of  view 

s/D  -  *  which  can  be  used  for  comparison  with  one-hole  solutions 

In  some  oases  other  values  have  been  used  for  reference  purposes. 

The  angle  <P  between  the  prlnolpal  material  axes  and  the  coordinate  axes 

From  simple  tensile  tests  on  unl-directlonal  oomposltes  It  la  known,  that  even  a  small  angle  of  5°  between 
the  direction  of  the  load  and  the  fiber  direction  decreases  the  strength  considerably.  It  is  therefore 
necessary  to  lnolude  this  angle  In  the  stress  calculations  for  pin-loaded  holes.  To  show  the  effect  of  ip 
the  calculations  have  been  made  for  <p  -  O'  and  V  -  30*. 

The  mode  of  loading  and  ooefflolent  of  friction  u 

In  the  unloading  mode  the  friction  forces  are  reversed  compared  with  tie  loading  mode  and  hence  the 
stresses  in  the  unloading  aaae  can  be  calculated  by  giving  the  motion  coefficient  the  opposite  sign.  The 
value  p  •  .4  Is  generally  accepted  as  a  good  value  for  the  friction  between  steel  and  carbon  fiber  epoxy. 
To  show  the  effeots  of  p  on  the  stress  distributions  the  friction  coefficients  p  -  0  and  p  -  .2  were 
chosen  aa  well. 

Clamping 

An  Important  effect  say  be  due  to  the  frlotlon  between  the  surfaces  of  the  Joined  plates  resulting  from  a 
possible  damping  force  of  the  fastener.  In  [20]  It  is  shown  that  the  Joint  strength  depends  strongly  on 
that  force.  In  oertaln  oases  the  strength  can  be  Increased  by  a  factor  2  to  3  by  a  proper  tightening  or 
tha  bolt.  Composite  laminates,  however,  behave  vlsoo- elastically  in  the  direction  of  the  clamping  force. 
This  vlaeo-elaatlolty  may  relieve  the  damping  force  and  it  Is  therefore  questionable  whether  strength 
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predictions  day  Include  olsmping.  A  finger-tightened  bolt  will  not  olanp  the  Joined  plates.  Nevertheless 
It  constrains  the  lateral  expansion  In  thlokness  direction  at  the  top  of  the  hole  and  therefore  Influences 
the  etress  distribution  and  probably  ohangss  the  failure  node.  Henoe  the  plane  strain  situation  is  sup¬ 
posed  to  represent  the  Joint  with  finger-tightened  bolts  better  than  the  plane  stress  situation  for  cases 
where  the  top  of  the  hole  is  crltioal  for  failure.  A  complicating  fact  is  that  in  plane  strain  calcula¬ 
tions  reduced  material  compliances  are  needed.  These  are  difficult  to  calculate  since  the  material 
properties  in  the  thlokness  direction  of  a  laminate  are  generally  unknown.  The  reduced  properties  of 
isotropic  materials,  however,  are  easy  to  establish!  hence  the  plane  strain  situation  is  considered  for 
the  aluminium  only. 

The  load  by-pass 

As  already  discussed  in  Section  2  the  homogeneous  stresses  loading  the  plate  with  a  row  of  unloaded,  open 
holes  are  used  to  modify  the  reaction  of  the  pin-loads  in  the  far  field.  In  figure  1  a  situation  is  shown 
with  no  by-pass  of  the  load  on  the  Joint  past  the  pins.  This  situation  represents  a  single  row  Joint  or 
the  last  row  in  a  Joint  with  two  or  more  rows  of  pins.  If  the  homogeneous  stresses  are  multiplied  by  a 
factor  3  a  situation  is  obtained  where  half  of  the  load  on  the  Joint  is  by-passed.  This  situation  repre¬ 
sents  the  first  row  of  a  Joint  with  two  rows  of  equally  loaded  pins.  Both  situations  are  ohosen  beoause  of 
their  teohnloal  relevance.  The  method  presented  here  does  not  include  mutual  Interference  of  rows  of  pins. 
Therefore  the  numerical  results  in  the  cases  with  rows  of  pins  are  valid  only  for  Joints  with  sufficiently 
large  spaaing  between  the  rows. 

Numerical  results 


The  stresses  as  presented  in  the  various  figures  are  made  dimensionless  with  the  classical  bearing  stress. 
With  pin-loads  P  and  the  hole  radii  and  plate  thickness  taken  unity  it  is 


The  isotropic  case 

The  maximum  tangential  stress  as  function  of  s/D  is  shown  in  Figure  3  for  two  values  of  the  friction 
coefficient  p.  It  is  noticed  that  this  stress  does  not  always  occur  in  the  net  area  between  the  holes.  Its 
location  is  sometimes  shifted  to  a  higher  position  on  the  contour  of  the  holes.  In  the  figure  the  results 
of  the  work  of  Frocht  and  Hill  [21]  and  of  the  theoretical  work  of  Schulz  [22]  are  also  shown.  The 
measured  stress  concentrations  refer  to  a  single,  aloaely  fitting  pin  loading  the  specimen.  The  friction 
coefficient  for  the  tests  was  unknown.  It  is  obvious  that  the  boundary  conditions  at  the  lateral  edges  of 
a  single  pin  specimen  are  not  identical  to  the  conditions  at  the  symmetry  lines  between  the  holes  in  the 
multiple  hole  analysis.  The  lateral  edges  are  allowed  to  contract  and  prevention  of  the  contraction  in 
order  to  make  the  situation  comparable  with  the  multiple  hole  analysis  needs  extra  normal  tractions.  These 
tractions  would  reduoe  the  tangential  stress  in  the  net  area  slightly.  Therefore  a  single  pin  test  or 
analysis  with  finite  dimensions  will  always  yield  somewhat  higher  stresses  in  the  net  area  than  the 
comparable  multiple  hole  case.  Nevertheless  the  results  of  Frocht  and  Hill  are  in  fairly  good  agreement 
with  the  present  results  for  p  -  .b.  Frocht  and  Hill  also  3howed  that  lubrloation  of  the  pin  in  order  to 
decrease  the  friction  Induced  small  decreases  in  the  maximum  tangential  stress.  This  is  also  in  agreement 
with  the  present  results. 

Schulz  [22]  calculated  the  stress  distribution  around  a  row  of  pin-load  holes  in  an  infinite  plate  and 
superimposed  the  stresses  in  an  infinite  plate  with  a  row  of  unloaded,  open  holes  in  order  to  balance  the 
pin-loads  at  one  side  of  the  row.  In  [6]  Is  shown  that  the  sinusoidal  radial  stress  distribution  which  he 
used  as  pin-load  yields  lower  maximum  values  of  the  tangential  stress  than  a  distribution  which  is 
evaluated  from  the  displacement  boundary  conditions  of  the  loaded  part  of  the  hole  contour.  In  addition 
Schulz  neglected  friction  between  the  pin  and  the  plate  material  which  also  decreases  the  maximum  value  of 
the  tangential  stress.  Schulz's  results  as  shown  in  Figure  3  Indeed  are  appreciable  lower  than  the  results 
of  Frocht  and  Hill.  Qualitatively,  however,  they  are  in  rather  good  agreement  with  the  present  results  for 
the  frictionless  case. 

Nlsida  and  Salto  [23]  investigated  the  stresses  in  a  photo-elastic  plate  with  a  single,  pin-loaded  hole 
and  s/D  -  10.  The  friction  coefficient  in  their  test  was  unknown.  They  emphasized  on  the  effects  of  the 
edge  distanoe  on  the  stress  distribution  around  the  fastener  hole,  Nlsida  and  Salto  compared  their  results 
with  results  of  Frooht  [2b]  for  a  large  edge  distance  and  round  considerable  differences.  These  dif¬ 
ferences  were  explained  with  a  slight  clearance  between  hole  and  pin  in  the  tests  of  Frocht.  In  Figure  b 
the  stresses  obtained  by  Nlsida  and  Salto  and  by  Trocht  are  compared  with  present  results  for  friction 
coefficients  u  -  0  and  p  *  .2.  As  can  be  concluded  from  the  figure  our  results  compare  better  with  the 
results  of  Nlsida  and  Salto  than  with  those  of  Frocht.  Nlsida  and  Salto  lubricated  the  pin  and  worked  with 
very  low  load  levels.  The  stresses  as  shown  in  Figure  b  suggest  that  the  friction  coefficient  or  their 
test  had  the  low  value  or  about  .1. 

One  of  the  apecimena  which  Hyer  and  Liu  [25,26]  used  for  their  photo-elastic  measurements  on  a  connector 
with  a  single,  pin-loaded  hole  was  made  from  a  laminate  with  a  quasi -isotropic  lay-up.  For  purposes  of 
comparison  Hyer  and  Liu  [26,27]  tested  also  a  homogeneous,  isotropic  plats.  Figure  5  shows  the  stresses  as 
they  were  evaluated  from  the  tests,  together  with  stresses  calculated  with  the  present  method  for  the  same 
ratio  s/D  -  b  as  Hyer  and  Liu  used  Tor  the  tests.  The  test  results  lnaioated  very  low  friction  coeffi¬ 
cients.  Therefore  the  calculations  were  done  with  u  -  0  and  u  -  .2.  Figure  5  shows  a  fairly  well  agreement 
between  the  various  stress  distributions,  although  discrepancies  exist,  Especially  the  sign  of  the  fric¬ 
tion  shear  stress  in  the  quasi -isotropic  plate  opposite  to  the  sign  of  the  shear  stresses  in  the  other 
oases  is  striking. 

Referring  to  tests  on  pin-loaded  isotropic  material  it  is  noticed  that  the  stresses  in  different  materials 
are  comparable  only  if  those  materials  have  identical  Poisson's  ratios.  Nlsida  and  Salto  reported  a  value 
v  -  ,bt  and  Hyer  and  Liu  mentioned  v  -  .b  for  the  isotropic  material  and  p  •  ,328  for  the  quasi-isotropic 
laminate.  In  the  analytical  solution  a  ratio  v  -  .33  was  used.  The  different  values  of  v  may  be  a  reason 
for  the  discrepancies  between  the  various  stress  distributions  in  Figures  b  and  5.  A  second  possible 
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reason  Is  thst  the  described  tests  were  obviously  ststlo  tests  where  the  frlotlon  fcross  between  the  pins 
and  the  surrounding  plates  oertalnly  did  not  obey  the  simple  friotlon-law  of  the  theoretloal  analysis. 
This  problea  Is  discussed  In  Section  2.  In  the  case  of  laminates  with  a  quaal-lsotroplo  lay-up  a  third 
possible  reason  for  disorspanoles  is  that  the  engineering  oonstants  of  such  laminates  often  do  not  yield 
values  of  Young's  modulus  E  and  the  modulus  of  rigidity  0  whioh  fulfil  the  typlosl  lsotroplo  relation  E  ■ 
0/2  (1*v),  In  other  wordst  those  laminates  are  often  not  lsotroplo  at  all  although  they  have  a  quasi 
lsotroplo  lay-up.  The  laminate  of  Hyer  and  Liu,  however,  yielded  values  of  E  and  0  whioh  approximate  the 
lsotroplo  relation  very  olosaly  end  henoe  oomparlson  of  the  laminate  with  other  lsotroplo  materials  Is 
legitimate  in  this  reapaot. 

figure  6  and  7  represent  graphs  of  the  stresses  op  and  along  the  entire  contour  of  the  hole  in  the 
plane  stress  and  the  plane  strain  situation  respectively.  The  friction  shear  stress  t  t  and  the  stress  In 

thiokness  direotlon  In  the  plate  In  plane  strain  have  not  been  plotted.  The  effects  of  load  by-pass  are 
shown  In  Figure  8  for  two  values  of  the  ratio  s/D. 

So.iulx  [22]  oaloulated  the  stress  distribution  around  two  rows  of  equally  loaded  holes  In  a  staggered  and 
In  an  ln-llne  configuration  for  three  values  of  s/D  and  frlotlon  coefficient  u  «  0.  As  In  the  case  of  a 
single  row  of  pin-loaded  holes  the  radial  stress  distribution  along  the  contour  of  the  hole  was  assumed  to 
be  sinusoidal.  The  maximum  value  of  the  tangential  stress  at  the  contour  of  the  holes  nearest  to  the 
applied  load  are  compared  with  the  present  results  In  Figure  9.  Hyer  and  Liu  [28]  tested  relatively  wide 
photo-elastic  models  of  lsotroplo,  double-lap  oonneotors  with  two  pins  In  tandem  parallel  to  the  load 

direotlon.  The  spaaing  of  the  holes  was  6  D.  In  the  lsotroplo  case  this  seems  to  be  sufficient  to  prevent 

interaction  between  the  pin-loaded  holes.  In  all  tested  models  eaah  pin  reacted  one  half  of  the  load  as 
the  load  level  Increased.  Although  the  frlotlon  ooefflolent  of  the  tests  was  unknown  the  stresses  at  the 
edge  of  the  hole  nearest  to  the  applied  load  are  comparable  with  the  calculated  stresses  of  the  present 
work.  The  maximum  value  of  the  measured  tangential  stress  Is  shown  In  Figure  9  as  well.  As  can  be  con¬ 
cluded  from  the  figure  the  results  are  generally  in  agreement. 

The  orthotroplo  oases 

The  Influence  of  the  ratio  a/D  on  the  stress  distribution  In  the  [O^/itS^-lamlnate  Is  shown  In  Figure  10 
for  |i  -  .k  and  coinciding  principal  material  axes  and  coordinate  axes.  The  [0^/t  95]a-lamlnate  represents 

the  highest  degree  of  orthotropy  of  the  considered  plates  and  it  has  the  largest  maximum  tangential  stress 
at  the  contour  of  the  holes  compared  with  corresponding  oases  In  the  other  laminates.  In  Figure  11  the 
Influence  of  the  friction  ooefflolent  Is  shown  for  s/D  -  3.  Figure  12  and  13  show  the  stresses  In  the  same 

laminate  for  an  angle  q>  -  30*  between  the  material  and  coordinate  axes. 

Figure  H  and  15  show  the  Influence  of  the  frlotlon  ooefflolent  on  the  stresses  In  the  [0,/±  15]  -laminate 

1  a 

for  s/D  -  3  and  <p  -  0  and  30°  respectively.  The  stresses  In  the  [0 j/±  H5]s-lamlnate  for  various  s/D  ratios 
and  u  -  .2  are  shown  In  Figure  16.  Figure  17  refers  to  the  [±  t5]s-lamlnate  with  q>  -  0°  and  30* 

respectively  and  motion  coefficient  u  •  .M.  It  shows  that  the  radial  stress  and  the  friction  shear 
stress  at  the  contour  or  a  single  pin-loaded  hole  In  an  infinite  plate  are  Independent  of  the  angle  <p  If 
the  plate  material  has  ldentloal  Young's  moduli  In  the  principal  material  directions.  This  phenomenon  Is 
explained  mathematically  in  [19].  It  Is,  however,  by  no  means  obvious  physically.  Figure  18  shows  the 
stresses  In  the  same  laminate  with  a  row  of  pin-loaded  holes  with  s/D  3. 

There  have  been  several  theoretical  studies  which  aimed  at  the  determination  of  the  stresses  in 
mechanically  fastened  Joints  In  orthotroplo  materials  as  a  basis  for  strength  prediction.  He  will  discuss 
here  a  Tew  only.  The  first  analytical  Investigation  into  the  effeots  of  Joint  geometry  was  presented  by 
Oplinger  and  Gandhi  [2,3]-  The  results  of  their  study  of  a  periodic  array  of  pin-loaded  holes  should  be 
comparable  with  the  results  of  the  present  analysis.  He  therefore  calculated  the  stresses  In  a  laminate 
having  the  same  engineering  constants  as  Oplinger  and  Gandhi  assumed  for  their  calculations.  The  constants 
represent  a  [02/±  k5]s-lamlnate  of  high  modulus  carbon  fiber  reinforced  epoxy.  In  agreement  with  Oplinger 

and  Gandhi  a  pitch  to  hole  diameter  ratio  s/D  -  2  and  a  frlotlon  coefficient  u  -  .25  were  chosen.  The 
results  as  shown  In  Figure  19  do  not  agree  very  well.  Klang  [10]  and  Hyer  and  Klang  [11,12,13]  used  for 
their  numerical  evaluation  a  laminate  with  complex  material  parameters  whioh  were  almost  equal  to  the 
parameters  of  the  [0j/±  95]s-lamlnate  of  the  present  work.  Hyer  and  Klang  studied  infinitely  large  plates 

with  a  single,  pin-loaded  hole  only.  The  stresses  In  the  laminate  of  Hyer  and  Klang  in  the  case  of  a  rigid 
pin  without  clearance  are  therefore  comparable  with  the  present  results  for  the  [O^/i  t5]9-lamlnate  with 

s/D  *  *.  Figure  20  shows  the  results  of  both  studies  for  u  -  .2  and  It  Is  concluded  that  the  agreeme.it  Is 
very  good. 

The  majority  of  published  work  on  mechanically  fastened  Joints  in  composite  materials  Is  related  to  the 
experimental  Investigation  of  the  several  parameters  affeotlng  the  Joint  strength.  Godwin  and  Matthews 
[29]  gave  an  extended  review  or  that  work.  Published  work  on  the  experimental  determination  of  stress 
distributions  are  scarce.  Based  on  their  full  field  experiments  on  wood  and  glass  fiber  reinforoed  epoxies 
Wilkinson  and  Rowlands  [30]  and  Rowlands  et  al.  [31]  gave  general  conclusions  regarding  the  effects  of  the 
variation  of  friction  coefficient,  material  properties,  loading  and  geometry.  Pabhakaran  [32]  tested 
blrefrlngant  glass-epoxy  models  which  simulated  bolted  Joints  and  presents!  the  resulting  fringe  patterns 
In  order  to  show  the  capability  of  the  method.  The  patterns  were  not  evaluated  Into  stress  distributions, 
however.  Hyer  and  Liu  [25,26,27]  tested  similar  materials  and  did  calculate  the  stress  distributions  from 
the  fringe  patterns.  The  technique  utilised  by  Prabhakaran  and  Hyer  and  Liu  requires  the  plate  material  to 
be  transparent  and  therefore  can  be  applied  to  glass  reinforoed  epoxies  only.  The  stresses  In  glass  fiber 
laminates  are  obviously  not  representative  for  the  stresses  In  pin-loaded  plates  composed  of  other 
mater  la Is. 
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4.  DISCUSSION  OP  RESULTS 
3oma  remarks 

Thm  results  of  the  lnvsstlcatlon  of  several  authors  as  they  are  presented  in  the  previous  seotlon  point 
out  that  the  aaxlaua  values  of  the  .angentlal  stress  generally  agree  very  well.  This  say  be  Important  for 
isotroplo  aaterlals  slnoe  the  maxiaua  tangential  stress  la  an  essential  Indication  for  the  fatigue 
strength  of  a  aeohanloal  Joint  In  aetal  sheets.  Nevertheless  the  nuaerloal  values  of  the  naxlaun  tangen¬ 
tial  stress  are  not  neoessarlly  representative  for  realistic  situations,  as  will  be  indioated  In  the 
following  paragraph.  Here  It  Is  emphasised  that  for  the  prediction  of  the  strength  of  a  Joint  In  a 
laalnated  aaterlal  the  whole  stress  distribution  Is  of  Interest.  The  aaxlaua  tangential  stress  has  no 
speolal  significance  there.  Classical  failure  predictions  in  laalnates  are  always  made  by  ooablnlng  stress 
predictions  with  one  of  the  various  failure  rules.  These  are  applied  on  a  layer-by-layer  basis  to  a  great 
number  of  points  in  order  to  cover  the  whole  stress  field.  Crack  growth  and  resulting  change  of  the  stress 
distribution  is  not  aaoounted  for,  neither  for  crack  stopping  effeots  because  of  adjacent  layera  bridging 
the  orack.  Therefore  classical  methods  are  only  used  for  the  prediction  of  orack  Initiation  or  the  so- 
called  first  significant  damage.  The  results  Indicate  that  failure  of  the  laminate  often  Initiates  at 
places  with  large  shear  or  transverse  stress  values  In  one  of  the  layers.  In  laminates  with  loaded  or 
unloaded  holes  these  places  are  not  associated  primarily  with  the  highest  tangential  stress  concentrations 
at  the  hole  boundary. 

In  Figures  3.  4  and  5  experimentally  determined  stresses  are  presented  whloh  agree  well  with  theoretically 
determined  stresses  for  very  low  values  of  the  friction  coefficient.  These  figures  therefore  may  suggest 
that  In  real  Joints  the  friction  foroes  between  pin  and  plate  generally  are  small.  Some  of  the 
Investigators  Indeed  decreased  the  friction  by  lubrioatlng  the  pin  or  by  using  specially  treated,  very 
smooth  pins.  Others  did  not  and  nevertheless  got  results  corresponding  with  low  friction  forces  as  well. 
As  shown  in  Figure  5  Hyer  and  Liu  [26]  even  measured  friction  shear  stresses  in  a  quasi -Isotropic  laminate 
with  signs  opposite  to  the  expected  ones.  A  possible  reason  for  the  low  friction  stresses  is  already  given 
In  Sections  2.  It  Is  discussed  there  that  statically  measured  stresses  generally  are  not  representative 
for  dynamic  situations  with  slip  at  the  interface  between  pin  and  plate.  Statically  measured  stress 
concentrations  therefore  may  have  limited  significance  with  regard  to  dynamic  loads. 

In  simple  failure  predictions  of  mechanical  Joints  In  metal  plates  the  concept  of  bearing  strength  as 
material  property  is  used.  It  la  related  to  a  specific  type  of  failure,  called  the  'bearing  failure',  or 
to  a  certain  degree  of  hole  ovallzatlon.  The  stresses  and  stress  distributions  presented  in  the  previous 
chapter  have  been  made  dimensionless  with  a  reference  stress  whloh  is  called  the  'bearing  stress' 
according  to  definition  (11).  If  the  pin-load  P  reaches  a  value  at  whloh  the  laminate  falls  the 
corresponding  value  of  pb  1s  easy  to  calculate.  Since  It  is  the  maximum  value  or  pfc  It  Is  often  referred 

to  as  the  bearing  strength  of  a  laminate.  The  maximum  value,  however,  will  not  only  depend  on  the  strength 
characteristics  of  the  composite  material  but  also  on  the  whole  set  of  parameters  described  In  Section  3. 
Hence  a  concept  of  bearing  strength  as  a  material  property  related  to  mechanical  Joints  Is  not  Justified 
for  composite  laminates.  Composite  materials  exhibit  several  failure  modes  and  the  maximum  value  of  the 
bearing  stress  Is  not  necessarily  associated  with  a  specific  one. 

The  plate  material 

As  Illustrated  by  several  figures  the  radial  stress  distributions  do  not  differ  substantially  for  the 
various  materials.  They  however  differ  essentially  from  the  sinusoidal  distribution  as  it  Is  orten  assumed 
In  literature.  The  tangential  stress  distributions  show  considerable  differences.  As  expected  the  peak 
stresses  Increase  with  Increasing  degree  of  anisotropy.  In  the  Isotropic  aluminium  the  stress  distribu¬ 
tions  In  the  plane  stress  and  the  plains  strain  situation  are  almost  similar,  as  Figures  6  and  7  show. 
Nevertheless  they  will  result  In  different  yield  values  of  the  bearing  stress  pb.  Although  the  present 

work  does  not  emphasize  on  yielding  or  fracture  the  Von  Mises  yield  value  of  pb  has  been  calculated  in 
order  to  show  that  efrect.  The  calculations  were  done  with  oQ  2  -  503  NPa  as  the  yield  stress  value  of  the 

aluminium.  The  results  are  given  In  Table  2,  together  with  the  place  at  the  edge  of  the  holes  where  first 
yielding  Is  predicted. 


Table  2 i  Yield  values  of  the  bearing  stress  pb  and  places  where  first 

yielding  ocaurs  In  the  plane  stress  and  in  the  plane  strain 
situation.  The  material  is  Aluminium  7075-T6. 


s/D  -  1.5 

a/D  - 

3 

s/D  -  - 

Pb  9’ 

pp 

8° 

Pb  9' 

MPa 

MPa 

MPa 

plane  atreaa 

U  -  .2 

154 

5 

308 

7 

406 

55 

plane  strain 

p  -  .2 

101 

7 

320 

12 

424 

60 
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-  Tha  spacing  of  the  holes 

Aa  expected  the  tangantlal  atraaa  concentration  rt/pb  In  the  net-sections  lnoraaae  with  deaereaslng  s/D- 
ratlo.  At  tha  top  of  tha  holaa,  howavar,  they  remain  alaoat  oonstant.  At  thaaa  topa  the  valuaa  of  ot/pb 
ara  vary  low  or  avan  slightly  negative  In  all  loading  oaaaa.  Tha  valuaa  of  ot/pfe  at  *  •  270*  la  alao 

slightly  nagatlva  In  aost  considered  oaaaa.  A  laaa  axpaotad  affaot  of  tha  spacing  of  tha  holaa  la  that 
tha  radial  straaaaa  daoraaaa  at  tha  uppar  part  of  tha  oontaot  araa  with  daoraaslng  s/o-ratlo.  Aa  a 
consequence  thay  lnoraaaa  at  tha  flanks  of  tha  hola.  From  tha  affaota  of  tha  a/D-ratlo  on  both  tha 
tangantlal  atressaa  and  tha  radial  atrassas  It  can  ba  oonoludad  that  aoall  pitch  valuaa  arc  favourable 
for  tha  atraaa  situation  at  tha  top  of  tha  holaa. 

-  Tha  angle <g  batwaan  principal  material  axes  and  coordinate  axaa 

Figures  12,  13  and  IS  show  affaota  of  the  angle  (p  on  tha  atraaa  distributions.  In  general  peak  values  of 
tha  tangential  stress  ara  generated  In  tha  vioinity  of  tha  points  on  tha  edge  of  a  hole  where  tha 
direction  of  tha  highest  Young's  modulus  of  the  laalnata  is  parallel  to  the  hola  boundary.  Henoa  tha 
maximum  tangantlal  stress  does  not  neoessarily  occur  In  the  plate  net  areas.  An  example  of  this 
phenomenon  Is  shown  In  Figures  17  and  18  where  the  stress  distributions  are  given  In  a  non-rotated  and  a 
rotated  [±  AS ]  - laalnata. 

-  Tha  loading  aode  and  tha  ooefflolant  of  friction  u 

Figures  11  and  13  give  tha  stress  distributions  In  tha  [0^/*  A5]s-lamlnate  for  u  -  .2  In  the  loading  and 

the  unloading  situation.  The  zero  friction  case  Is  shown  as  well.  Tha  figures  exhibit  a  predominant 

Influence  of  the  loading  aode  on  the  stress  distribution  near  the  point  on  the  edge  of  a  hole  where  the 
direction  of  the  highest  Young's  modulus  of  the  plate  material  Is  perpendicular  to  the  hole  boundary. 
Both  the  tangential  stresses  and  the  radial  stresses  at  this  plaoe  show  a  peak  in  the  unloading 
situation.  The  peaks  result  from  the  reversed  friction  forces  on  the  flanks  of  the  hole.  Apparently  the 
unloading  mode  Is  very  unfavourable  for  the  top  of  the  hols.  It  is  remarked  that  the  tangential  stresses 

In  the  unloading  and  frictlonless  cases  are  positive  for  the  whole  contact  area.  The  maximum  tangential 

stresses  are  affected  only  marginally  by  the  mode  of  loading. 

The  unloading  mode  has  bean  simulated  by  giving  the  friction  coefficient  an  opposite  sign  compared  to 
the  loading  mode.  This  Implies  that  there  Is  no  fundamental  difference  between  the  Influence  of  the 
loading  mode  on  the  stress  distributions  and  that  of  the  friction  coefficient.  Figures  1  A  and  15  show 
that  the  stresses  near  the  top  of  a  hole  decrease  with  Increasing  friction  coefficient.  In  all 
considered  loading  cases  the  tangential  stress  at  the  top  or  near  the  top  in  the  rotated  laminates  is 
negative  for  positive  values  or  u.  This  was  also  noticed  by  Wilkinson  and  Rowlands  [A2]  and  several 
other  investigators.  Hence  positive  values  of  u  rellove  the  top  of  the  hole  compared  to  the  unloading 
and  frictlonless  situation. 

-  The  load  by-pass 

Load  by-pass  calculations  are  done  for  the  lsostroplc  aluminium  only.  Figure  8  shows  the  influence  of 
load  by-pass  on  the  stress  distributions  for  two  values  of  s/D  and  u  -  .A.  The  Joint  consists  of  two 
rows  of  pins  in  line  which  are  supposed  to  be  equally  loaded.  The  by-pass  distributions  In  Figure  8 
refer  to  the  row  on  the  stretched  side  or  the  Joint.  The  no  by-pass  distributions  represent  the  second 
row  or  a  Joint  with  a  single  row.  From  the  figure  It  Is  clear  that  the  Influenoe  or  load  by-pass  on  the 
tangential  stress  near  the  net  areas  Is  predominant.  Figure  21  gives  the  maximum  value  or  the  gross 

stress  o  in  the  far  rield  on  the  stretched  side  of  the  Joint  as  function  of  D/s.  It  is  calculated  with 
gr 

pfc  D/s  In  the  case  of  a  single  row  and  with  2p^  D/s  in  the  case  of  two  rows  of  pins.  Pb  Is  the  Von  Hlses 

yield  value  or  the  bearing  stress.  As  In  the  plane  stress  and  plane  strain  calculations  It  is  the  value 
of  the  bearing  stress  at  which  somewhere  on  the  edge  of  the  holes  first  yielding  of  the  plate  material 

ocours.  Hence  ogr  is  a  measure  for  the  static  loading  capacity  of  the  Joint  In  terms  of  first  yielding 
of  the  plate  material  around  the  fastener  holes.  The  theoretical  stress  concentration  factor  Kt  is 
presented  In  Figure  22  aa  function  or  D/s.  la  defined  here  as  the  ratio  or  the  maximum  tangential 
stress  at  the  hole  boundary  and  the  gross  stress  c  In  the  Tar  field.  Figures  21  and  22  both  show  an 

optimum  value  of  the  ratio  D/s.  This  value  Is  .AA  for  the  two  rows  of  pins  and  .5  for  the  single  row. 
Schulz  [A]  calculated  almost  the  same  values  for  the  corresponding  cases  with  u  -  0.  He  also  notified 
that  In  the  limiting  cases  D/s  -  0  and  D/s  -  1  the  stress  concentration  faotor  Kt  tends  to  Infinity. 

This  corresponds  with  zero  values  of  In  Figure  21. 


5.  CONCLUDING  REMARKS 

In  the  present  work  an  elasticity  solution  In  combination  with  a  numerical  method  has  been  used  in  order 
to  study  the  stresses  In  an  anlsotroplo  plate  with  an  Infinite  row  of  equally  spaaed  and  equally  loaded 
pins.  The  loads  are  applied  by  giving  the  pins  a  displacement  In  a  direction  perpendicular  to  the  center 
line  of  the  holes.  The  center  line  does  not  neoessarily  colnolde  with  one  of  the  principal  material  axes. 
This  Implies  that  the  direction  of  the  pin-loads  Is  not  known  a  priori.  The  loads  are  balanced  In  the  far 
field  by  uniform  stresses,  either  on  one  side  of  the  Joint  or  on  both  sides.  The  last  oase  represents  by¬ 
pass  of  the  load  on  the  Joint  past  the  pins. 

In  the  solution  series  expansions  have  been  used  with  limited  areas  of  oonvergency.  Therefore  the  solution 
la  oonfined  to  the  edge  of  a  hole  and  Its  direct  vicinity.  The  solution  represents  a  real  Joint  with  a 
sufficiently  large  number  of  pin-loaded  holes  and  does  not  apply  to  a  Joint  with  only  a  few  pins  or  to  the 
end  pins  of  a  row. 


MO 


In  particular  tha  arrant*  or  joint  laoaatry,  material  parameter*,  load  by-pass  and  motion  at  th* 
interfaces  between  plna  and  plata  hav*  baan  atudiad.  Pin  alaatloity  and  olaapano*  wara  not  oonaldarad.  In 
th*  oaloulationa  a  alapla  fr lotion  aodal  with  a  constant  motion  ooamolant  waa  uaad. 

Th*  r*aulta  or  th*  oaloulationa  show  predominant  lnriuanoaa  or  rrlotlon  and  pltoh  to  hoi*  diaaatar  ratio. 
In  sptoiflo  craaa  th*  result*  wara  oomparad  with  raaulta  Tro*  lltaratura.  Proa  this  co^arlaon  th* 
oonoluslon  aaaaa  to  b*  Justified  that  th*  present  study  provides  an  aoourat*  description  or  th*  str**s*a 
in  a  pln-lo*d*d.  anlsotropio  plat*. 
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ABSTEACT 


The  analyala  of  bolted  Jolnta  In  coapoalte  atructura  requires,  Ilka  atructural  analyale  In  general, 
aathoda  for  determining  the  atreaa  dlatrlbutlona  and  relevant  fnllure  criteria.  The  atreea  analyale 
procedure  dlacuaaed  In  thie  paper  atarta  by  addreealng  the  Joints  aa  an  integrated  part  of  the  overall 
atructura.  The  atraaaes  in  the  vicinity  of  the  hole  boundary  are  obtained  trough  a  aerlea  of  finite 
element  inalyaea,  which  atarta  with  an  overall  load  dlatributlon  analyala  and  enda  with  a  2-dlaenalonal 
detailed  contact  atreaa  analyala  of  the  moat  highly  atreaaed  region  In  the  Joint.  Strength  la  predicted 
for  two  baalc  failure  aodea  occurlng  In  a  Joint,  nat-tanelon  and  bearing  failure.  The  failure 
hypotheaea  for  theaa  failure  nodee  ara  described.  Both  tha  atreaa  analyala  and  and  failure  hypotheeee 
are  performed  and  eatabllahed,  reapectivly  under  certain  ldeallaatlona.  The  condltlona  In  a  real  joint 
In  an  aircraft  nay  differ  from  theaa  ldeallaatlona.  Hence,  further  work  la  required  and  la  aleo 
propoaed  in  thla  paper.  The  analyala  procedure  deacrlbed  In  thla  paper  la  baaed  on  today 'e  powerful 
computer  fadlltlea  and  offer  great  advantagea  compared  with  more  empirical  procedurea.  The  procedure 
la  praaently  uaed  at  Saab  Aircraft  Dlvlalon. 
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1  INTRODUCTION 


Moat  publlehed  work  on  the  atrength  of  bolted  Jolnta  In  coapoalte  etructurea  deal  with  Jolnta  of  almple 
geoaetry,  which  are  aubjacted  to  uniaxial  loada  In  double  (hear.  The  problem  of  predicting  the  atrength 
of  euch  Jolnta  la  by  no  aeana  a  aiaple  problem.  On  the  contrary.  It  la  well  known  that  the 
characterlaatlon  of  the  atrength  la  complicated  by  tha  very  large  number  of  paraaetere  Involved,  auch  aa 
lanlnate  layup  (fibre  pattern),  atacklng  aequence,  geometry,  bolt  torque,  etc. 

In  aplta  of  the  aaount  of  publlahed  work  on  the  aubjeet,  the  mechanical  behaviour  of  auch  relatively 
'well  defined'  jolnta  la  yet  not  fully  undaratood.  In  primary  aircraft  etructurea,  the  Jolnta  jay  be 
far  more  complicated.  The  loading  condltlona  are  generally  complicated  and  ueually  It  la  a  matter  of 
multirow  jolnta.  The  problaa  of  determining  the  load  dlatributlon  In  general  la  atatlcally 
undetermined.  Beacauee  of  the  lack  of  appropriate  analytical/  nunneries’  methode,  empirical  methoda, 
which  require  large  aaount  of  data,  have  been  uaed  for  analyale  and  deelgn  of  jolnta.  For  aeveral 
reaaona,  there  are  urgent  needa  for  Improved  nethoda,  which  are  baaed  on  today'e  powerful  computer 
facllltleai 

1)  The  generating  of  auch  data  baaee  haa  proved  to  be  both  coatly  and  tlme-coneuaing. 

2)  New  and  Improved  aaterlale  are  appearing  on  the  market  contlnuouely,  which  aeana  that  the  data  baa  a 
auat  be  regenerated. 

3)  An  Improved  computational  procedure  will  lead  to  a  batter  underetandlng  of  the  mechanical  behaviour, 
which  In  lta  turn  will  lead  to  better  dealgned  atructurea  aa  well  aa  more  efficiently  dealgned  teat 
prograaa . 
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4)  With  an  efficient  computational  procedure,  design  charts  for  desirabla  load  casts  art  aasily 
computed* 

5)  Last  but  not  least,  such  a  procedure  would  prevent  the  results  of  the  analysis ,  to  a  higher  extent , 

to  be  dependent  on  the  judgements  made  by  the  individual  analysts* 

On  the  other  hand  such  an  Improved  computational  procedure  must  not  be  so  soflsticated  and  full  of 
details  that  it  becomes  too  time-consuming  and  expensive  to  use  in  the  daily  analysis  work*  The  finite 
element  method ,  FEM,  has  proved  to  be  a  powerful  tool  in  order  to  determine  load  and  stress 
distributions  in  structures.  The  disadvantage  with  FEM  is  that  the  modeling  work  has  a  tendency  to  be 
time-consuming.  The  execution  time  may  also  be  long  and  costly.  If  FBK  is  adopted  for  the 
determination  of  load  and  stress  distributions!  it  is  essential  to  support  such  a  procedure  with 
efficient  pre-  and  post-processors.  If  the  analysis  procedure  is  used  frequently,  it  is  necessary  to 

have  powerful  computer  facilities  in  order  to  reduce  the  execution  time*  Figure  1  shows  the  different 

stages  in  such  an  analysis  procedure  based  on  FEM. 

First,  the  internal  load  distribution  in  the  joint  is  calculated,  see  figure  1(b).  The  structural 
behaviour  is  for  critical  joints  mechanically  simulated  by  connecting  the  members  with  finite  beam  or 
spring  elements,  which  are  given  a  representative  stiffness.  Due  to  economic  limitations,  the  fastener 
stiffness  (flexibility)  la,  for  ordinary  joints,  excluded  at  this  stage*  In  that  case  it  nay  be 
necessary  to  perform  another  analysis,  before  the  final  detailed  stress  analysis,  figure  1(c),  where  the 
internal  load  distribution  in  the  joint  is  determined* 

Then,  the  stresses  in  the  vicinity  of  the  most  highly  stressed  holes  are  computed  by  performing  a 
detailed  analysis,  see  figure  1(c).  The  procedure  is  supported  by  the  two  Saab-Scanla  developed 
computer  programs  GKNCUT  and  COBOJ.  GENCUT  la  a  cosssand-con trolled  program  for  transferring  loads  from 
a  cut  in  one  finite  element  model  to  the  boundary  of  another.  This  is  a  time-saving  processor,  when  a 
more  detailed  FE-analysis  of  a  part  of  the  structure  is  required. 

The  program  COBOJ  generates  a  complete  detailed  FE -model  and  writes  all  necessary  command  files  needed 
for  control  of  the  ASKA  (1)  analysis.  COBOJ  also  evaluates  the  analysis  according  to  selected  failure 
criteria,  described  in  later  sections.  The  flowchart  in  figure  2  Illustrates  the  complete  bolted  joint 
lysis  procedure* 


2  STRESS  AHALYSIS 

2*1  Load  distribution  analysis 


The  purpose  of  the  discussion  below  is  to  point  out  som«.'  of  the  problems  occurlng  in  conjunction  with 
such  sn  analysis,  rather  than  presenting  obtained  research  results. 

The  analysis  can,  as  mentioned,  be. an  integrated  part  of  the  overall  structural  load  distribution 
analysis,  as  outlined  in  figure  1(b),  or  be  performed  separately*  A  too  detailed  FE-model  should  be 
avoided  for  economic  reasons,  but  must  at  the  same  time  not  be  too  coarae,  making  the  results 
unreliable.  Usually  the  contact  between  the  joined  members  is  ignored.  Another  r 'proxlmatlon  often 
used  in  the  FE-model  is  to  degenerate  the  hole  to  a  point  (node)  and  repreaant  tha  fastener  by  either  a 
beam  or  a  spring  element,  see  figure  3*  For  a  correct  prediction  of  the  bolt  load  distribution,  the 
finite  fastener  element  must  be  given  a  representative  stiffness  (flexibility)*  It  la  desirable  that 
the  experimentally  obtained  displacement,  6IX’,  la  correctly  predicted  by  the  load  distribution  model, 
see  figure  4*  This  displacement  consists  partly  of  the  fastener  deformation,  5  W. past,  partly  of  the 
contribution  from  the  local  deformations  at  the  hole  edges,  giXF.HOLE^  that  is 


fiEXP.  gEXP,FAST  +  g  EXP,  HOLE  H) 

In  equation  (1)  68***  hole  represent  the  total  contribution  from  each  member*  (Practically,  $lx*  is 
unseparable).  The  equivalent  displacement  obtained  in  the  FE-snalysls,  5f>iM,  consists  in  the  same  way 
partly  of  the  deformation  in  the  finite  fastener  element,  6  11X87  and  partly  of  the  local  deformations 
of  the  Including  mashes  in  the  vicinity  of  the  fastener,  gFEM, mesh,  that  la 


s  FEM  _  g  FEM,  FAST  +  FEM.  ME8H 


In  equation  (2)  gP*M.  mrsh  represent  the  totsl  contribution  from  each  mesh*  In  order  to  obtain  a  correct 
prediction  of  the  bolt  load  distribution,  the  finite  fastener  should  be  given  a  flexibility  so  that, 


i«p  -  m 

When  determining  this  flexibility  some  difficultlei  occur.  Usually,  6,xr,  is  unknown.  An  estimation 
basad  on  empirically  or  semi-emplrlcally  determined  formulas  is  another  possibility,  which  is  perhaps 
sufficient  with  access  to  e  large  empirical  data  base.  Unfortunately,  this  estimated  flexibility  cannot 
represent  the  fastener  flexibility  in  the  finite  element  model.  Because  of  the  simulation  of  the 
connection  in  the  model,  the  obtained  displacement ,  5  fim,  mish  ,  it  not  equal  to  the  experimentally 
obtained  displacement,  ^exf. holi .  a  refined  model  is  more  flexible,  which  loads  to  a  large  displacement 


6-3 


contribution  froa  the  meshes.  Hanco,  •  stlffar  fastener  la  required.  Further ,  a  mash  refinement  1*  not 
necessarily  landing  to  battar  predict ton*.  On  tha  contrary,  a  vary  tint  aerh  nay  land  to  very  large 
local  deformations,  which  la  echaaatlclly  ahown  in  figure  3-  It  la  possible  ,  with  auch  a  fine  aaah, 
that  evan  If  tha  faatanars  are  modelled  coaplataly  rigid,  tha  calculated  dlaplacaaant  will  coaa  out  too 
large 

Of  couraa  It  la  not  coaplataly  aatlafactory  to  uaa  a  nodal  ahowlng  auch  qualltlaa.  Extensive 
lnvaatlgationa  need  to  ba  carried  out  In  order  to  obtain  nathoda  for  adjuetment  of  tha  finite  faatanar 
flexibility  with  raapect  to  tha  dlaplacaaant  contribution  froa  the  aaah.  It  would  be  dealrable  to  uaa  a 
nodal,  which  la  auch  laaa  aanaitlva  to  tha  alee  of  tha  aaah  and  which  haa  tha  quality  that  a  refined 
aaah  automatically  would  lead  to  laprovad  requite.  One  way  to  obtain  auch  reeulte  la  to  taka  Into 
account  tha  holaa  In  tlte  nodal,  e,g,  aa  made  by  Edlund  (2),  aaa  figure  6,  Tha  advantagaa  with  auch  a 
nodal  la  that  tha  problaa  of  adjusting  the  finite  faatanar  flexibility  with  raapect  to  dlaplacaaant 
contribution  froa  the  aaah  la  elgnlflcantly  reduced.  In  addition,  according  to  Edlund  (2),  tha 
aacondary  banding  of  tha  laminate  la  auch  batter  predictod,  (Secondary  banding  la  currently  neglected 
In  tha  praaant  aathod,  but  may  ba  conaldarad  In  tha  future),  Approxl native  account  could  be  taken  to 
the  through-thlcknaea  etreae  concentration  eauaad  by  bolt  tilting  and  deformation.  It  would  even  ba 
poaalble  to  predict  failure  approximately  If  tha  holes  are  conaldarad  In  tha  nodal  without  aaklng  tha 
final  detailed  aaalyaia  (figure  1(c)),  Tha  dlaadvantaga  la  of  couraa  that  auch  an  laprovad  load 
dlatributlon  nodal  la  aore  expanalve  In  taraa  of  modelling  coata  and  coaputar  coata,  Tha  modelling 
coat,  however,  nay  ba  reduced  to  a  alnlaua  by  developing  an  efficient  pre-procaaeor  for  generating  auch 
a  nodal,  Farhapa  it  la  a  auch  batter  idea  to  develop  auch  a  pre-proceaaor  coaparad  with  developing 
aathoda  for  tha  adjustment  of  tha  finite  faatanar  flaxibllty  ao  that  acceptable  raaulta  are  obtained 
with  a  coaraar  nodal,  which  doaa  not  account  for  the  holaa. 


2,2  Detailed  atraaa  analyala 


In  order  to  determine  the  atraaa  dlatributlon  in  tha  vicinity  of  tha  hole  boundary,  a  detailed  atraaa 
analyala  la  carried  out  with  a  refined  nodal  (aaa  figure  1(c))  of  tha  noet  highly  atraaaad  region. 
Loada  acting  on  tha  adgaa  of  that  nodal  are  tranafarrad  by  CEHCUT  froa  tha  pravloua  load  dlatributlon 
analyala,  aaa  figure  1(b),  It  waa  ahown  by  Edlund  (3)  that  tha  stress Retrain  atata  cloaa  to  tha 
faatanar.  In  auch  a  load  dlatributlon  analyala,  where  no  account  la  taken  to  tha  holaa  In  tha  nodal,  la 
arronaualy  nredlctad.  Thla  locally  errooeoua  prediction  of  tha  atraaa/atraln  atata  cloaa  to  the 
faatanar,  however,  done  not  nacaaaarlly  Man  that  tha  approach  ahould  be  avoided,  Tha  loada  tranafarrad 
by  CENCDT  are  obtained  aoM  dlatanca  away  froa  tha  load  tranaalaalon  point.  It  la  poaalble.  In  aplta  of 
tha  quite  rough  approxlaatlooa  which  are  mada,  that  tha  load  dlatributlon  at  thla  dlatanca  away  froa  tha 
tranaalaalon  point  la  acceptably  predicted  by  tha  modal. 

There  are  aaveral  poaalble  waya  of  treating  the  bolt/hole  Interaction  problea  In  auch  a  detailed 
analyala,  Numerous  etudlaa  have  been  aade  on  thla  topic  (4-17).  Voat  analyaea  uaually  Ignore  tha 
bolt/hole  Interaction  and  aaauaa  rrthar  than  evaluate  a  certain  atraaa  dlatributlon  on  the  boundary  of 
loaded  holea,  e.g  a  cosine  dlatributlon.  In  (17)  tha  author  uaad  the  FE-prograa  ASIA  to  carry  out  a 
detailed  paraaatric  study  of  tha  atraaa  dlatributlon  around  a  alngle  hole  loaded  by  a  bolt,  A  Mnbrane 
contact  analyala  waa  uaed,  l.a,  trough-thickness  vxrtatlona  In  propertiaa  wara  Ignored,  Tha  laalnata 
elaatlc  proportion,  bolt  clearance,  bolt  atlffnaaa  and  friction  wara  varied-  All  of  thuee  parameters 
were  found  to  affect  tha  raaulta,  tha  bolt  atlffnaaa  having  only  a  a null  affect.  For  both  economic  and 
technical  reaaona,  however.  It  la  quaationabla  If  friction  should  ba  Included  In  practical  design  cases. 
The  frictional  properties  are  also  difficult  to  determine. 

The  affacta  of  laalnata  elastic  properties  wara  In  (17)  Investigated  by  computing  stresses  on  tha  hole 
boundary  and  In  tha  vicinity  of  the  hole  boundary  for  three  different  laminates,  defined  In  figure  7  and 
table  1.  Here  the  frlctlonleas  contact  problea  waa  solved  with  a  perfect  fit  between  tha  bolt  and  tha 
hole,  Tha  bolt  uaad  In  the  analysis  la  representative  of  a  titanium  bolt  with  Young's  aodulua  E-110  CPa 
and  Poisson's  ratio  /»«0. 29.  Also  a  cosine  dlatributlon  was  applied  to  laalnata  C,  Since  a  aeabrane 
analyala  la  performed,  the  stacking  aaquance  la  unimportant.  The  atreasaa  In  figure  8  ware  normalised 
by  the  average  bearing  atraaa. 


S-P/d-t 


(4) 


Figures  8(a)  and  (b)  show  the  radial  atraaa,  aa  a  function  of  the  angle  1,  along  the  hole  boundary  and 
a  distance  (a0-l .26  an)  away  froa  tha  hole  boundary.  The  figures  show  that  tha  radial  stress 
strongly  dapanda  on  tha  laalnata  propertiaa.  Tha  peak  atreaa  novae  off  tha  canter  line  for  laminates 
with  high  atlffnaaa  In  tha  y-diractlon.  Of  the  contact  distributions  which  were  calculated,  the  one 
obtained  for  laminate  8  ahowa  good  agraaaant  with  tha  coalna  dlatributlon.  Tha  others  differ 
considerably.  Tha  raaulta  presented  In  Figure  8  (a)  are  In  general  agreement  with  those  presented  by 
Hyar  and  Klang  (15). 
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s  tuunt  cumiA 


3.1  Rat-tanslom  failure 
Introduction 

Colling*  (13)  conducted  u  experimental  program  with  elngle  holt,  loaded  bolt  apnclMD*  and  found  that 
tha  ultimata  tanalla  strength  was  strongly  dopandant  on  tha  layup,  hola  disaster  and  ipecluen  width. 
Tha  boat  raaulta  war*  obtalaad  for  a  ((%43)-laalnata .  It  waa  assumed  that  tha  Including  of  ±43*  piles  In 
tha  tf-lamlnata  will  Introduce  a  dagr**~of  softening  to  tha  Joint,  l.a  daereaaa  tha  atraaa  concantratlon 
and  lncraaaa  tha  strength. 

Quit a  a  number  of  papera  have  baan  publlahad  on  aathoda  for  predicting  nat  tanalon  failure  In  bolted 
joint a,  (4,3,7,9,19-23).  In  general,  theaa  aathoda  Include  aavara  approximation*  and/or  limitation*. 
Usually,  the  contact  problem  between  the  bolt  and  tha  hola  la  Ignored  which  nay  lead  to  algnlflcant 
error*  In  calculated  atraaaaa  and  atralna.  Thaea  erronaua  raaulta  art  than  uaad  In  a  fallur*  criterion, 
which  uaually  operate*  at  a  charactarlatlc  ftstance  away  froa  the  atraaa  concantratlon.  (The 
charactarlatlc  dlatanca,  In  It*  turn,  nay  hat*  baan  determined  by  tha  uae  of  arronaua  atraaaaa).  Undar 
auch  drcuaatanca*  It  la  vary  difficult  to  hay*  a  general  opinion  about  tha  failure  criteria  which  era 
propoaed.  Secondly,  the  experimental  data  which  are  publlahad  In  conjunction  with  aoat  of  the  atudle* 
ara  often  vary  Halted  aa  far  aa  the  layup  and  loading  condition*  are  concerned. 

The  point  atrea*  criterion,  PSC,  propoaed  by  Whitney  and  Nulaaar  (24)  la  uaed  her*  to  predict  tenalle 
strength.  The  PSC  requires  knowledge  of  the  atraaa  distribution  In  tha  vicinity  of  the  notch  and 
aaauaaa  failure  to  occur  when  oy  at  aoa*  fixed  dlatanca,  d*,  ahaad  of  the  hole  first  reaches  the 
unnotched  tensile  strength,  o0  ,  of  the  material,  at*  figure  9. 


Experimental 

Tha  two  fundaaantal  parameter*  used  In  tha  criterion,  tha  unnotched  tensile  strength,  o0  ,  and  the 
charactarlatlc  dlatanca,  d„,  ara  dateralued  froa  experiments.  Laminate*  of  different  layup*  were 
processed  according  to  table  2.  (Only  lamlnataa  with  fibres  In  the  basic  direction*  (tf/ 907+4?)  are 
considered  In  thl*  paper).  Specimens  with  hola*  of  different  radii  and  widths  were  manufactured,  see 
figure  10  and  tabla  3  where  alto  tha  test  result*  ara  presented.  All  laminates  ware  ultrasonlcally 
inspected  to  datact  process tng-r*lat«d  flaw*.  The  laminates  with  hola*  ware  lnapacted  with  X-ray  to 
detect  any  dalaml nations  caused  by  drilling.  All  tests  war*  performed  In  'hot-wet'  conditions  (lOdfc  and 
U  moisture  content  by  weight). 


Wwmwrlcal  result* 

The  FE-eystam  ABAQ'Jo  (23)  waa  used  to  Investigate  the  effect*  of  layup,  hole  diameter  and  specimen  width 
on  dp.  The  experimentally  determined  fallur*  load  waa  applied  to  the  PE-model  of  the  specimen.  The 
complete  contact  problem,  which  Includes  both  friction  and  clearance,  waa  taken  Into  account.  Aa  well 
known,  the  charactarlatlc  distance  do  takes  different  values  for  different  layups.  Thl*  also  appears 
from  figure  11  where  the  effect  of  layup  on  the  variation  of  normal  stress  Is  plotted.  (do  Is 
approximately  1.2  am  for  laminate  3  and  C  and  3  aa  for  laminate  A).  In  figure  12  the  tangential  stress 
concentration  factor,  Ky,  darlvled  for  an  Infinitely  large  orthotreplc  plats  with  a  hola  Is  uaed  for 
normalising  do  with  respect  to  layup. 

The  effect*  of  hole  diameter  and  specimen  width  were,  for  the  specimens  included  In  this  study,  found  to 
bo  of  much  less  Importance  (5X). 

In  a  general  loading  case  It  Is  assumed  that  failure  Initiation  occurs  st  points  on  the  hols  boundary 
where  fibres  ara  either  tangential  or  normal  to  tha  boundary,  see  figure  13.  Net-tension  fallur*  Is 
evaluated  In  each  of  thee*  point*  at  a  radial  distance,  do,  away  from  the  boundary.  Tha  characteristic 
distance,  do,  la  assumed  to  vary  with  tha  location  around  the  hole  according  to  figure  12. 

Net-coapreeslon  failure  le  predicted  In  a  similar  way,  but  no  details  ara  given  in  this  paper. 


3.2  leering  fallur* 
Introduction 


Bearing  fallur*  la  another  basic  failure  node  In  bolted  Joints,  which  together  with  net-tension  failure 
la  the  most  Important  mod*.  It  was  experimentally  shown  by  Colling*  (19)  that  the  bearing  strength  Is 
dependent  on  four  main  variables)  degree  of  lateral  constraint  around  the  hole,  layup,  stacking 
sequanc*  and  laminate  thickness.  Large  Improvements  in  strength  war*  observed  by  applying  higher 
constraint.  This  phenomenon  1*  also  discussed  by  Bart-9mlth  (26)  and  Stockdal*  (27).  Hart-Smith  (26) 
presented  the  diagram  shown  In  figure  14.  Ha  raised  tha  question  whether  it  Is  adequate  or  not  to  rely 
on  tha  benefits  of  torquing  beyond  finger  tightness.  Tha  drawback,  he  says.  In  taking  advantage  of  the 
strength  associated  with  the  extra  daapup  Is  that  it  would  take  only  one  undar-torquad  bolt  to  Impose  a 
significant  loss  of  static  strength. 
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Th*  affact  of  layup  la  clearly  thorn  by  Colling!  (18)  and  H»rt-Smlth  (26).  Celling!  (18)  lnvaatlgatad 
tha  affact  by  Introducing  0* pilot  Into  a  ±45*  laalnata .  (cf  la  the  loading  axla).  Tha  bearing  atrangth 
wae  algnlflcantly  lncroaatd.  Tha  effect  of  atacklng  aequence  waa  ahown  (18)  to  have  a  algnlflcant 
Influence  on  the  magnitude  of  the  ultlaata  bearing  atrangth.  Tha  more  hoaogan.oua  ■ tacked  laalnata  (a) 
vaa  thorn  to  have  about  16X  higher  bearing  atrangth  coaparad  with  the  le*e  hoaogcneoua  laminate  (b), 

(ai  (  01  +48/02  /-48/0j/-«  /  448/0) 

(b)  to,  h-*S  I  -45  /04  /  -48  /  448  /O,  t 

For  the  adequately  claaped  laalnatea  lnvaatlgatad  by  Colllngt  (18)  tha  affect  of  thlckneee  on  the 
bearing  atrangth  waa  reported  aaall. 

Indeed  there  are  other  Important  paraaatara  which  affect  the  bearing  atrangth  aa  well.  The  choice  of 
faatener,  tolerance  and  waeher  are  all  laportant  paraaatara.  In  tha  caae  of  tingle  ahear  joint! ,  the 
effecta  Introduced  by  bolt  tilting  and  bending,  which  cauae  a  t rough- thickneai  atraaa  concentration  aay 
be  aevere.  It  la  beyond  the  acope  of  thin  paper,  however,  to  dlaeuaa  the  Influence  on  the  beering 
atrength  froa  theae  paraaatara  In  detail.  Many  of  then  have,  to  the  knowledge  of  the  author,  not  been 
Inveetlgated  to  their  full  extent.  In  thla  paper,  tha  objective  hat  been  to  develop  a  failure 
hypotheala  for  flnger-tlght  torqued  jolnta  In  hoaogeneualy  atackad  laalnatea  nf  the  (tf/9tf/+4tf)  layup 
faally  loaded  In  double  ahear.  Only  one  type  of  faatener  lnatallatlon  hea  been  conaldered. 

Varloua  failure  hypotheaea  and  failure  criteria  are  lnveatigated  In  the  literature  (4-7,19,23).  Moat  of 
than  adopt  a  well  known  criterion  (Taai-Hlll,  Taal-Wu,  Yaaada-Sun,  nax-atreaa. . .)  at  a  characterlatic 
dlarnalcn  away  froa  the  hole  boundary.  Here  a  concept  propoaed  by  Chang  et  al.  (5)  waa  choeen.  They 
propoaed  that  failure  occurg,  when.  In  any  of  the  pliea,  the  coablned  atresaaa  aatlafy  the  Yaaada-Sun 
failure  criterion  at  eny  point  on  a  characterlatic  curve.  The  Yaaada-Sun  criterion  atetea  that  failure 
occura  whan  the  following  requlreaenta  are  net  in  any  one  of  tha  pliea i 


'if 


/  e2>1 

t.*<1 


failure 
no  failure 


(SI 


In  equation  (5),  o,  and  o„y  repreaent  Che  longitudinal  and  ahear  atreaaea  In  a  ply,  reepectlvely  (x 
and  y  bains  the  coordlnatee  parallel  and  noraal  to  the  fibrea  In  a  ply).  S  la  In  thla  paper  the  ahear 
atrength  obtained  froa  a  tenalon  loaded  (+457-45*)!  laminate.  X  la  either  the  longitudinal  tenalle 
atrength  or  the  longitudinal  conpreaalva  atrangth  of  a  alngla  ply.  The  tenalle  atrength  (X-X,)  la  uaed 
when  the  atreaa  ox  la  tenalle.  Conaequently,  the  cobpreaaive  atrength  (X-Xe)  la  uaed  when  ox  la 
coapreaalve.  The  characterlatic  curve  (Figure  15)  la  apeclfled  by  Chang  et  al.  (5)  by  the  expreaalon: 


rc»  0/2  +  R,  +  (  Rc  -  R,)  ng  (g) 


R,  and  Rc  are  referred  to  aa  the  characterlatic  lengtha  for  tenalon  and  conpreaalon.  Theae  paraaetera 
are  determined  experimentally •  Bearing  failure  la  in  (5)  assumed  to  occur  when  the  parameter  e  la  equal 
to  or  larger  than  the  unity  at  any  point,  la  any  of  the  pliea »  on  the  characterlatic  curve  In  the  range 
on 


-  is®  <  e  <  i5° 


(7) 


Experimental  procedure  for  date raining  the  characterlatic  curve 

Brlkeaon  and  Ireaan  (28)  Introduced  eoae  laportant  difference:)  compared  with  the  approach  propoaed  by 
Chang  et  el*  (5).  No  restrictions  are  put  on  the  shape  of  the  curve*  It  la  only  assumed  (In  analogy 
with  the  assumptions  In  the  PSC  about  the  characteristic  length,  do)  that  failure  occurs  when  the 
parameter  a  Is  equal  to,  or  larger  than  unity  at  some  distance,  re,  from  of  the  hole  boundary*  Further, 
it  la  assumed  that  rc  varies  with  layup,  hole  diameter  and  location  along  the  hole  boundary* 


re  •  f  (  layup,  d,  0) 


(8) 


Colllngi  (18)  atatad  that  the  layup  hae  a  definite  Influence  on  the  position  around  tha  hole 
circumference  (a)  at  which  failure  la  initiated  ((£*45* to  the  loading  axle)*  Therefore,  In  this  study, 
bearing  failure  Is  etsumsd  to  Initiate  In  the  interval  defined  by  the  relation: 


-  46°  <  0  <  46° 


(9) 


Specimens  of  different  layup  and  geometry  were  manufactured  according  to  table  4  and  figure  16  and  were 
tested  in  'hot-wet*  conditions  (lOCfc  end  IX  moisture  content  by  weight)  The  characterlatic  curve  rc  is 
determined  by  the  following  procedure:  The  failure  load  obtained  in  the  experlmenta  were  applied  to  the 
corresponding  FK-modele  of  the  speclmenr .  A  typical  A3KA  FK-model  is  shown  In  figure  17*  The 
frictionless  contact  problem  wae  solved.  Lamina  atreaaea  where  obtained  trough  the  use  of  laminated 
plate  theory  and  the  characteristic  curve  where  e  It  equal  to  unity  for  aach  of  the  specimens  could  be 
determined.  Failure  data  to  be  used  In  the  Yaaada-Sun  failure  criterion  are  shown  below 
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X,-  ISPS  MPs 

X,  •  1100  MFa  (to) 

1-7*  Mh 


gUlMrlCOl  results 


In  flgura  18  the  characteristic  curves  obtained  (or  apoelaana  no.  (1-1)  ara  plottad*  As  can  ba 
observed  cha  ahapa  of  tha  charactarlatlc  curve  la  strongly  dapandant  on  layup.  For  practical  raaaona  It 
would  ba  daalrabla  to  raplaca  all  thaaa  curves  with  ona  equivalent  charactarlatlc  curve,  which  should 
hava  auch  quail tlaa  that  It  could  ba  usad  to  pradlct  tha  fallura  loads  of  all  thaaa  specimen  correctly, 
tha  raqulraaant  on  such  an  aqulwalant  curve  la  that  It  ahould  at  laaat  In  ona  point  ba  tangent  to  aach 
ona  of  tha  original  curvaa  without  crossing  any  of  than.  If  such  a  curva  exists,  tha  fallura  load  for 
all  apadaana  Investigated  hara  would  hava  baan  axactly  pradlctad.  Tha  dottad  curva  In  flgura  18  alaoat 
fulfils  thaaa  raqulrananta. 

Quaal-lsotroplc  apadaana  wars  analyaad  In  ordar  to  dataralna  tha  affact  of  tha  hola  alas  on  r„  aaa 
flgura  19.  As  can  ba  obaarvad(  tha  radial  position  of  r,  la  significantly  lnfluancad  by  tha  hola 
dlaaatar.  Evan  tha  ahapa  la  slightly  changad.  In  flgura  20  tha  par aaa tar. 


Kt#  (d)  /  r,  (d  «  8)  (11) 


haa  baan  plottad  as  a  function  of  tha  hola  dlaaatar,  d,  with  tha  angls  f  as  paraaatsr.  It  can  ba 
observed  that  tha  dlaaatar  lnfluanca  upon  K  la  strongly  doalnatlng  ovar  tha  angla  lnfluanca.  Fron  hara 
on  tha  angla  dapandancy  la  tharafora  dlaconaldarad.  Tha  'scan  curva'  to  tha  curvaa  In  flgura  20  la 
daalgnad  In  flgura  21  and  danotaa  tha  radial  translation  of  tha  charactarlatlc  curva  for  d>6  aaa. 
Furthar  on  It  la  aasuaad  that  thla  translation  la  lndapandant  of  tha  layup. 

In  a  general  loading  casa,  the  principal  direction  of  tha  bolt  load  la  datarnlnad.  Tha  charactarlatlc 
curva,  rc,  (tha  dottad  curva  In  flgura  18)  la  symmetrically  located  with  rsapact  to  that  direction,  aaa 
figure  22.  If  tha  hola  dlaaatar  la  larger  than  6  na,  rc  la  radially  translated  according  to  tha  curva 
In  figure  21. 


A  MISCELLANEOUS  CONSIDE1ATIONS 


Here  It  may  ba  aultabla  to  point  out  sons  Important  Issues  considering  tha  analysis  of  bolted  Joints  In 
real  aircraft  structures.  Both  tha  strata  analysis  and  tha  fallura  hypothsaas  described  In  thla  atudy 
ara  performed  and  established,  respect ively,  undar  certain  Idealisations.  A  membrane  atraaa  state  la 
assumed  In  tha  atraaa  analysis  and  cha  fallura  hypothesis  for  nat-tanalon  and  bearing-fallurs  are 
established  by  use  of  simple,  'well-defined'  Joints.  Certain  conditions  ara  proscribed  In  advance.  In 
a  real  Joint  In  an  aircraft  aaveral  dlffarancaa  to  that  'well-defined'  Joint  may  occur:  Tha  loading 
conditions  are  generally  comp lax,  trough-thickness  affects  salat,  tha  faatanara  ara  torqued,  some’— load 
will  ba  cel. led  by  friction  between  tha  plates  etc  ate.  Soma  of  thaaa  effects  will  act  to  our 
advantage,  whereas  others  will  hava  the  opposite  affact.  It  la  of  course  aaaantlal  to  improve  both  tha 
atraaa  analysis  and  th"  failure  hypothesis  so  that  tha  influence  on  tha  strength  from  these  affects 
could  ba  accounted  for  properly. 

One  oblvoua  advantage  with  adopting  FEM  for  tha  determination  of  atrassaa  la  that  complex  loading 
conditions  can  be  accounted  for  properly.  Complex  loading  conditions  ara  difficult  to  handle  with  an 
analytical  method. 

General, y,  tha  poorer  theory  usad  In  an  analysis  procedure,  the  mors  teat  results  ara  required  to  obtain 
sufficient  design  data.  Another  great  advantage  with  tha  computational  analysis  procedure  described  In 
thla  paper  la  that  auch  design  data  for  daalrabla  load  cases  aaally  can  ba  computed.  Such  an  example  la 
tha  combined  bearing  lyparc  loading  diagram  shown  In  figure  23.  Tha  diagram  was  determined  by  Ireaan 
(29)  with  the  computational  procedure  daacribad  In  flgura  2.  Tha  rl^ht  side  of  flgura  23  shows  tension 
results  and  tha  left  aids  shows  tha  corresponding  compression  results.  Flgura  23  also  Indicates  tha 
computed  failure  mods  for  aach  loading  condition.  Tha  symbol  NT  Indicates  nat-tanalon  fallura.  Tha  TXB 
and  CRB  Indicates  bearing  fallura  for  tension-  and  compression  raactsd  bearing  loads,  respectively. 
Finally,  NC  Indicates  net-coapreaalon  fallura.  A  similar  diagram  was  experimentally  datarnlnad  In  (30). 
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TABU  1 


Laalnate  Stiffnaaaaa  of  T300/91AC  Craphlta/tpoxy  Syntax 


Percentage  of  pllaa 
In  dlractlona 

*y 

Cry 

•’ey 

((r/9tf/±Aj) 

(CPa) 

(CPa) 

(09a) 

A)  23/25/SO 

51.A 

51.  A 

19.3 

0.33 

Bi  69/6/23 

102 

2A.2 

11.1 

O.AA 

Cl  6/69/25 

2A.2 

102 

11.2 

0.10 

TABU  2 

Laalnate  configuration  (T300/91AC  Grapbltn/apoxy  ay a tea) 

So.  of  pllaa  In  directions 
Laalnate  Stacking  sequence  (tf/9tf/±Af) 

*>  l+AB/Oj/BO/Oj/BO/Ojtg  (12/*/*) 

»>  (ias/iOj/o/iOj/o/Mjis  (A/12/A) 

C:  «  /# /BO  I j /0 /BO  ls  (8/8/16) 


TABU  3 

Taat  raaulta  of  T300/9UC  flUad  hole  apadnana 


Laxlnata 

V 

<-) 

*/d 

tnom  0 

(*■) 

0 

Cv 

X 

No 

off 

Batch 

A 

36 

6 

2.3A 

0.82 

1.0 

5 

1 

A 

36 

6 

2.5A 

0.78 

A. 7 

5 

2 

■ 

36 

6 

2.SA 

0.63 

A. 6 

7 

2 

c 

36 

6 

A. 06 

0.57 

1.9 

7 

2 

C 

A8 

6 

A. 06 

0.53 

2.3 

6 

2 

c 

60 

6 

A. 06 

0.33 

1.8 

7 

2 

c 

36 

3.6 

A. 06 

0.49 

0.8 

A 

X 

Where  Cv  la  tha  coofflclant  of  variation, 

Cv-S/T 

S  In  aiuatlon  12  la  tha  atandard  deviation  and  x  la  tha  aaanvalua 
o0  la  datorntnod  froa  batch  1 

TABU  A 


Soaring  failure  apaclaana  of  T300/91AC  Graphlta/Kpoxy  Syataa 


Type 

No*  of  pllt*  la 
dlroetlona  (0ty9(f/+4$) 

d 

(«) 

w 

(aa) 

a 

(-0 

Load 

1 

(A/12/A) 

6 

A8 

36 

2 

(8/8/16) 

6 

36 

36 

P. 

3 

(A/12/A) 

6 

36 

36 

P« 

A 

(12/A/A) 

6 

36 

36 

Pa 

3 

(8/8/16) 

8 

A8 

36 

Pa 

6 

(8/8/16) 

10 

60 

36 

P« 
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Abstract i 

An  onolysio  ia  praaontod  for  the  strength  prediction  of  bolted  coaposite 
structures,  baaed  on  tha  a iverege  atraaa  failure  orttarion.  Tha  analysis 
Inoorporatao  analytically  derived  opaeial  rinita  elements  (loadad  hola,  unloaded 
hola.  plain  and  eftactlva  taatanar  alaaanta)  into  tha  OAHCJ  (Itrsrvqth  Analysis 
of  Jhiltifaatanar  Conpoaita  Joints)  ooaputar  coda.  Tha  loadad  hola,  unloaded 
hola  and  plain  alaaanta  are  derived  froa  a  doubly-connected  laminate  analysis 
that  aooounto  for  the  effects  of  finite  plate  dimensions  via  a  least  squares 
boundary  collooatlon  solution  procedure .  The  of faotive  fastener  alaaent  is 
derived  froa  a  fastemer  analysis  that  aoeounta  for  taatanar  shear  and  banding 
effects  and  througb-the- thickness  atfaoto  in  tha  halted  laainataa.  Tha  special 
finite  alaaanta  in  tha  SANCJ  coda  era  developed  using  Argyris1  natural  node 
nathod.  Tha  boltad  plates  are  modeled  using  these  alaaanta,  a  conventional 
solution  procedure  yields  tha  taatanar  loads  and  tha  atraaa  atata  in  each  plats, 
and  average  atraaa  failure  criteria  are  uaad  for  strength  prediction.  The 
characteristic  dicta nose  tor  net  section,  ahear-out  and  bearing  failures  are 
asaunad  to  be  material  constants  obtained  through  limited  tasting.  sancj 

S  radiations  eooaunt  for  the  effects  of  taatanar  spacing ,  adjacent  cut-outs, 
hrough-the-thlokneoa  effects  at  tha  fastener  location,  and  taper  in  tha  boltad 
plate  thleknaoa.  SAMCJ  predictions  of  taatanar  loads,  joint  failure  loads  and 
failure  modes  demonstrate  eaoellent  correlation  with  available  teat  results  froa 
single  end  double  sheer  teats  on  graph! te/apoxy-to-aiualnun  joints. 


1.  Introduction 

An  analysis  wee  developed  In  Reference  1  to  predict  the  strength  of  bolted 
coopoolto  structures.  This  paper  presents  dotal la  of  the  developed  analysis, 
senple  predictions,  and  a  discussion  on  its  validity  and  ita  application  to 
structural  design. 

frier  to  the  intlation  of  the  program  in  Rofaronoa  1,  tha  strength  of  a 
boltad  laminate  woo  analytically  predict ad  using  approximate  analyses  and 
experimental  results  (References  1  to  4).  The  distribution  of  the  applied  load 
among  the  fasteners  woo  initially  obtained,  and  the  most  crittcsl  fastener 
location  wee  euheequently  analysed  to  prediet  the  joint  strength.  The  fastener 
lead  distribution  analysis  was  essentially  one-dlneelonal,  assuming  that  all  the 
faatanera  in  a  row  (perpendicular  to  the  load  direction)  carried  equal 
leads*  The  load  distribution  anong  tha  various  rows  was  predicted  based  on 
super  imetally  obtained  ■joint  atirmeaa*  values.  The  subsequent  strength 
analysis  at  a  fastener  location  was  based  on  an  infinite  plate  stress  analysis 
and  waa  incapable  of  account inq  tor  neighboring  stress  concentrators  (like  a 
tree  edge,  e  cut-out  or  a  neighboring  fastener  location). 

The  strength  analysis  developed  in  kaferenoe  i  overcomes  the  major 
deficiencies  that  existed  at  program  i novation.  The  analysis  incorporates 
•paolal  finite  elements  Into  a  failure  analysis  procedure  that  predicts  the 
fastener  lead  distribution,  tha  oritlul  taatanar  location,  the  joint  strength 
and  ita  failure  node.  Four  special  finite  elements  vara  developed  using  a 
fastener  analysis  and  a  atraaa  analysis  that  aceeunta  for  finite  leninate 
planters  dlaanolona  (mafsrenoeo  Saadi).  Theca  elements  lnelt.de  a  loaded  hole 
element,  an  unleaded  hale  element,  e  plain  element,  and  an  affeetlve  taatanar 
element.  A  finite  element  model  of  the  bolted  joint  ooamutea  the  fastener  load 
distribution  end  averaged  stresses  at  each  fastener  and  cut-out  location.  The 
critical  taatanar  or  out-cut  location,  the  joint  failure  load  and  the 
corresponding  failure  node  are  predicted  based  on  thoee  computations. 
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Th*  atrenath  analysis  tea  bean  »mnt<  to  b*  tho  earcj 
(Strength  Analysis  at  Pttitifaatanar  gwaoslt*  Joint*)  eaaputar  ood*.  UNCJ 
require*  a  definition  at  th*  geometry and  tha  aatarial  proparti**  of  tha  bo i tad 
plat**  ana  taatanora  aa  input.  Th*  presence  of  any  cut-out  ia  included  in  the 
finite  alaaant  nodal  aa  an  "unloaded  halo"  alaaont  linked  to  adjacent  "loaded 
hole"  and  plain  alaaant*.  Tha  input  aatarial  proparti**  at  th*  boltod  laminates 
include  paraaataro  that  are  required  by  tha  average  atroaa  failure  criteria. 
These  are  dlataneaa  free  the  taatanar  or  cut-out  hole  boundariaa,  at  aalactad 
laeatiaaa,  ever  «Ucb  etreeaeo  are  aver  aped  and  asamsrsd  ta  plain  laainat* 
strengths,  to  prediet  failure  (aae  hafaranoa  7).  tAKCJ  ooaputss  the  joint  load 
valuaa  ter  net  aeotien,  bearing  and  ahear-eut  no da*  of  failure  at  each  fsstsner 
and  out -out  leeatian.  Information  oorreapondlnv  to  the  leant  value  provide*  th" 
joint  failure  lead,  the  critical  taatanar  or  cut-out  location,  and  th*  failure 


In  n input inf  the  taatanar  lead  dlatributlon  and  tha  critical  average  atrea* 
value*  at  every  faatener/cut-eut  location,  samcj  alao  account*  tor  fsstsner 
flenibillty  of foot*.  The  fastener  anaVyaia  in  hefarene*  8  (FOFA  computer  coda) 
1*  uaad  to  o input*  th*  affective  fasten* atitfneaa,  aeeeuntire  for  belt  torque 
and  land  aeeantrlolty  (alnpla  vercua  double  ahear  transfer  of  tha  applied  load). 
FOFA  la  aanleyed  tvloa  ta  oompute  the  etfectlv*  tranavema  stiffnesses  of  the 
faaboner,  alone  and  perpendicular  to  th*  lead  direction.  The  effective  fastener 
atiffnoaa  aatrls  eanmaeta  th*  bolted  plataa  at  the  fastener  locations, 
account inp  far  all  alpnlf leant  joint  parameter*. 


8^goH>|n^a^gal  hnalvala  pj  p  Unite  i  -  anatrv  Leal  note  with  a  Loaded  or 

A  too  dlncnalonal  analysis  of  a  finite  bolted  laainat*  ia  a  primary 
requirement  in  th*  development  of  a  strength  analysis  for  belted  laninatas.  A 
brief  description  of  the  analysis  (Fioton  computer  cede)  developed  in  Mfa-onc* 

0  is  presented  baleu. 

Th*  two-dimensional  otreaa  field  in  a  finite  belted  plat*  is  expressed  in 
terns  ef  the  Airy  atreae  function  F  (a,  y)  that  automatically  satisfies 
equilibria  equations  everywhere  in  tha  plat*  detain  (Figure  1) .  Tha 
correapondinf  dlaplacsmsnt  solution  aatlsfiea  compatibility  requirements  when 
the  following  equation  ia  aatiafied  by  the  atroaa  function) 

•«r,s»ioi  ‘  taI»r,xx«y  4  <J"ll  4  "ss'^-ssyj  4 


where  a>  are  laminata  ocnplianooe  aa  defined  in  hefarence  t.  equation  1  is  tha 
governing  equation  for  the  problem  ef  internet. 

A  comp leu  variable*  approach,  described  in  Reference  10,  is  undertaken  to 
obtain  tha  solution  to  aquation  1.  This  approach  hen  been  pursued  by  other 
investigators  to  solve  elnllar  problems  (References  u  to  14) .  Tho  solution  to 
Equation  1  in  dependent  on  the  roots  of  tho  following  characteristic 

aquations 

,uu*  -  l*uuJ  ♦  17*11  ♦  '  l*j*  4  *12  *  0  <*> 

For  physioally  nesningtul  values  of  tho  oonetanta  in  ,  two  solution  types 
are  possible) 


(*|  lb*  roots  of  equation  1  ere  two  pair*  ef  oceplex  conjugates) 


wi  •  Wj  •  r»l4,  u3  •  )*|,  «»4  •  u?  (j) 

where  a  her  denote*  *  camples  conjugate,  and  p  and  i  >  0  - 
(b)  lb*  root*  of  aquation  a  are  palrwtas  equal) 

Vj  -  U,  •  **«l,  Uj  *  Wj  -  a- II  (IXD 

For  an  laetropio  plat*,  u,  ■  u,  •  t  ■ 


haooqnlsing  that  th*  atraaa  function  ia  a  teal  function  of  ■  and  y,  th*  ganaral 
aolutlon  for  F  may  than  ho  written  aat 


hi 


r  ■  l*e  £r4 1*4»  ♦  V»iJ  whan  the  mti  in  different,  (>) 

r  •  :•<  **•*  the  roots  are  equal.  <«> 

where  *|  -  *»V  *J  '  **V'  *l  *  **V*  *2  '  **V  •  <»> 


•nd  rvand  rt  in  arbitrary  functions  of  •i  and  ti, respectively. 

in  tha  oooputar  eoda  developed  to  do  fehla  analyaia  (FXCBON) ,  tho  properties 
of  an  Isotropic  plato  aro  perturbed  vary  allghtly  n  that  only  tha  solution  c»«e 
with  iiMfMl  roota  hove  to  bo  canal  da  rad.  For  thla  eaae,  tho  following  now 
cooploa  funotlono  aro  introduced  for  eonvoniancoi 

dr.  4 

W  *  iaj  »  **U*)  ‘  4,|  (•> 


Thaao  provida  tha  following  expressions  for  atroaaao  and  diaplaeaaanta  in  tha 
Plata i 


'**•  C"?V*i>  (t) 

°y  *  (10) 

»*,  *  ’**•  Cui*i<*j)  ♦  (id 

a  •  »a  pjdjdj)  ♦  (U) 


*  “  ***  Cl*!**!5  *  (U) 

xhara  plt  rJt  n v  asd  q?  ara  tha  coasts  constants  defined  halawt 

►l  *  •llw!  4  *12  *  *uV  *2  ‘  *lilJ2  +  *12  -  *14*2 

*1  *  *12 '’l  +  *22/lll  *  *2 a*  '2  *  *12t'2  *  *22/|12  *  *2*  (14) 


hny  expression  for  P,  in  torn*  of  tho  arbitrarily  aaaunad  functions  in 
equation  I,  la  a  solution  tc  tho  two-dlnanolonal  problaa,  pruvidad  thoaa 
axpraaoiona  satisfy  tho  approprlata  Boundary  conditions.  Rooall  that  thaaa 
functions  sutonatioally  satisfy  tha  governing  aquation.  Tbs  problaa  of  inters** 
involvaa  a  finite  anisotropic  plats  with  a  loadad  or  unloadad  circular  cr 
elliptical  holo  (aaa  Figure  1).  In  general,  for  arbitrary  goons. ry  and  boundary 
conditions,  one  cannot  determine  closed  torn  solutions  for  and  4*.  one  nathod 
of  obtain! no  approx iaato  oolutiona  lo  to  oonoidor  series  expansions  of  tha 
functions  with  unknown  ooaff iolants.  Thaos  unknown  coafficienta  ara  than 
datarninod  by  satisfying  tha  boundary  oonditiono  approxinotoly.  In  contrast  to 
aeriae  oxpanwlono  in  i4  and  i-4  ,  faster  oonvargenoe  ia  obtained  if  aarlaa 
oxpansiona  aro  aaaunad  In  ooordinatao  C,  and  (..  obtained  by  using  tha 
following  napping  functional  ‘ 


I,  •  («,♦  /if*4*-wjk*)/(a-1u,k)  a  1 
Ct  •  (tj«  /i|>«><V|kr)/(a-1|itb)  k  l 


(IS) 


In  a  ieainata  with  a  circular  or  elltptioal  holo,  tha  internal 

boundary  gets  transformed  to  an  ellipse  in  tho  -a*,  plana  (soa  equation  7). 

Tho  functions  in  aquation  IS  nap  tha  lntamal  boundary  to  a  unit  circle  in  the  C. - (. 
plana,  and  tho  physical  ration  of  tho  laninate  to  tha  exterior  of  tho  unit 
circle.  Tha  eigne  of  tho  square  root  terns  in  equation  IS  ara  choaen  such 
that  tho  internal  boundary  la  napped  on  to  tho  unit  circle.  Hots  that  thaws 

napping  functions  aro  analytlo  functions,  end  banco  tha  napping  is  conferee:. 


In  t)M  <i  "  P1*"*'  *i  tni  are  uwaM  tab*  tlw 
following  (trunoated)  modified  Laurant  aariaa  expansion*! 

"  (1«> 

♦*  • 

In  the  abova  expressions,  CC,  and  Kara  oosplax  coefficients  which  ara  data rai rad 
ao  as  to  aatlaty  tha  boundary  condition*.  rha  logarlthalo  ton*  drop  out  Ir  tha 
Intamal  boundary  la  stresa-trse  (see  Referenda  14).  for  Infinite  plataa,  tha 
poaltlva  exponent  taraa  drop  out  aa  tha  atroaaaa  ara  bounded  at  Infinity. 

In  tha  general  oaaa  of  a  finite  anlaotroplo  plate  With  a  loaded  or  unloaded 
hole,  the  ooeftlolanta  ean  be  numerically 

calculated  to  satisfy  the  boundary  oondltlona .  The  finite  number  or  unknown 
coafflolenta  may  be  determined  by  aa looting  tha  aame  total  number  of  polnta  on 
the  Inner  and  outer  bounder lea,  and  by  computing  tha  unknown  coefflclenta  by 
aatlefying  the  boundary  oondltlona  exactly  at  theee  polnta.  However,  In  thia 
caaa.  tha  calculated  aolutlona  at  othar  boundary  polnta  are  significantly 
different  from  the  lapoaod  boundary  oondltlona  (see  Reference  11) .  A  more 
dealrable  approach  la  to  ehogae  a  large  nunber  of  boundary  polnta  than  tha 
number  of  unknown  coefflclenta.  and  to  aatlaty  tha  boundary  oondltlona  at  thaae 
polnta  in  a  leaat  squares  aanaa.  Thia  aolutlon  procedure  haa  been  adopted  tor 
thie  anelyala.  Prior  to  applying  the  leaat  aquarea  boundary  collation 
procedure,  tha  alngle-valuedneaa  of  tha  dlaplaeamenta  and  the  rigid  body 
rotational  constraint  are  Imposed  (aee  References  S,  t) . 

Onoe  the  complex  ooeftiolenta  In  Rquatlon  14  are  determined,  the  stresses 
and  the  displacements  are  calculated  using  locations  *  to  13.  The  accuracy 
of  the  aolutlon  la  determined  by  recalculating  tha  stresses  at  the  boundaries 
and  comparing  them  to  the  imposed  values.  Aa  discussed  in  References  s  snd  «, 
an  M  value  of  7  and  approximately  100  points  on  th»  boundary  are  sufficient  to 
racoveer  tha  imposed  boundary  conditions  within  .*% 

If  the  anisotropic  plate  in  figure  1  has  a  loaded  hole,  the  assumptions 
aedo  in  Reference  2  are  retained.  The  fastener  is  assumed  to  bo  frictionless 
and  is  assumed  to  bear  over  half  tha  hols  boundary.  Tha  rsatanar/lamlnats 
contact  problem  la  by-pasaad,  and  tha  contact  solution  is  asaumad  to  be  a 
conainuaoldal  distribution  of  tha  radial  atraas  around  tha  hols  (aaa  Figura  1). 
Tha  tangantial  atraas  la  aero  around  tha  frictionlaas  hols  boundary.  Results 
from  recent  investigations  (References  12  end  13)  indicate  that  the  contact 
problem  could  affect  the  local  stresses  significantly.  Nevertheless,  the 
simplified  contact  atreaa  axpraaalona  are  assumed  in  this  analysis. 

■samples  ara  presented  In  Reference  5  and  a  to  demonstrate  tha  capability 
of  the  F1GRON  computer  coda  in  computing  the  effect  of  plate  qaoaetry  on  tha 
atraaa  concentration  at  the  boundary  of  tha  loaded  or  unloaded  holes.  computed 
solutions  are  eoapared  with  Infinite  plate  solutions  to  demonstrate  tha 
significant  Increase  in  tha  stress  concentration  when  the  outer  plats  boundsrUs 
are  moved  closer  to  the  hole. 

3.  fastener  Anelyala 

In  the  computation  of  the  two  dinensional  stress  state  In  e  bolted  plate, 
it  la  generally  assumed  that  the  fastener  Is  rigid  and  tha  faataner/plat* 
displacement  due  to  inplane  idads  does  not  vary  in  tha  plats  thickness 
direction.  In  moat  of  the  practical  situations,  thia  assumption  Is  not  valid, 
and  thn  stress  field  at  the  fastener  location  is  oomplex  and  three  dimensional 
in  natui -  (see  Reference  19  to  19).  Tha  three  dimensional  atreaa  field  at  tha 
fastener  location  in  a  bolted  plate  is  influenced  by  many  factors!  fastener 
else,  fastener  stiffness,  fastener  end  constraints,  fastener  torque,  hole 
clearance,  properties  of  the  belted  plates,  stacking  saquanoe  of  the  bolted 
laminate,  load  eccentricity  induced  by  joint  configuration,  sto. 

A  single  lep  joint  configuration,  dua  to  the  eocentrioity  in  tha  load  path, 
will  affect  tha  local  stress  field  more  significantly  than  a  double  lap 
configuration.  If  the  fastener  modulus  is  large  compared  to  tha  bolted  plate 
modulus,  and  the  fastener  diameter  is  large  compared  to  the  plate  thickness,  the 
fastener  bending  and  shear  etiffnesaas  will  be  large  enough  to  causa  it  to  act 
ilka  a  rigid  fastener.  otherwise,  fastener  banding  and  shear  deformation  will 
influence  tha  local  stress  field  significantly. 

fastener  end  constraints  also  have  e  significant  effect  in  the  local  stress 
state.  A  protruding  head  fastener  with  a  large  applied  torque  value  creates  a 
nearly-fixed  end  boundary  condition,  a  pin  permits  free  rotation  at  tha 
boundary,  and  a  highly  torqued  oountereunk  fastener  creates  neerly-fixod  and 
nearly-free  constraints  at  tha  nut  and  head  locations,  respectively. 


Intermediate  torque  values  are  represented  by  elastic  constraint  aquations  that 
quantify  constraint*  batveaan  fixed  and  free  conditions. 

A  brief  sunary  of  the  fastener  analysis  approach  is  presented  with  the 
aid  of  Figure  2.  For  a  single  lap  joint  configuration  subjected  to  a  tensile 
load  (Figure  2a),  a  typical  fastener/bolted  plate  displacesent  variation  is 
shown  in  Figure  2b.  The  distribution  of  the  contact  force  is  influenced  by  the 
aany  factors  santioned  earlier  and  is  not  a  continuous  function  in  the  plate 
thickness  direction.  Figure  2b  shows  a  typical  contact  fotce  distribution  in 
bolted  metallic  pistes.  The  resultant  of  the  contact  force  distribution  will  be 
squal  to  the  applied  load  (P)  in  Magnitude,  but  will  not,  in  general,  lie  along 
the  line  of  action  P.  This  is  because  its  line  of  action  is  determined  based  on 
Moment  equilibrium  considerations.  A  free  body  diagram  of  the  fastener  will 
include  contact  forces  that  are  opposite  in  sense  to  those  shown  in  Figure  2c. 
The  spring  constants  represent  the  resistance  offered  by  the  bolted  plate  to 
fastener  displacement.  In  e  laminated  plate,  spring  constants  vary  from  ply  to 
ply,  and  are  dependent  on  ply  fiber  orientations.  In  a  metallic  plate,  the 
spring  constant  will  be  invariant  in  the  thickness  direction.  The  various 
springs,  with  appropriata  constants  asaignad  to  each,  mathematically  replace  the 
bolted  plates  by  an  elastic  foundation  whose  modulus  is  piecewise  uniform  in 
general. 

'  The  fastener  is  modeled  as  a  Timoshenko  beam  to  account  for  shear 
deformation  effects.  Figure  3  shows  the  deformed  state  of  an  infinitesimal 
segment  of  the  fastener,  and  Figure  4  presents  the  assumed  sign  conventions  for 
transverse  shear  (V)  and  banding  moment  (M)  in  the  fastener.  The  coordinates 
along  the  fastener  axis  and  the  loading  direction  (in  the  plane  of  the  bolted 
plate)  are  labeled  t  and  x,  respectively.  Under  load,  a  plane  section  undergoes 
a  translational  displacement  u(z)  in  the  x  direction,  a  bending  rotation  Y  (z), 
and  shear  deformation.  While  Y  is  not  a  function  of  x,  the  shear  strain  due 
to  V  is,  due  to  the  variation  of  the  transverse  shear  stress  (  T**)  in  the  x 
direction.  This  results  in  the  curved  shape  far  the  deformed  cross-section. 

Representing  the  average  crosa-aactional  shear  distortion  (rotation)  by  the 
symbol  ^ ,  the  following  relationship  is  assumed  (Timoshenko  beam  theory) : 


V  -  /  T1K  dA  -  XGA4  (17) 


where  A  is  the  fastener  cross-sectional  area,  G  is  its  shear 
modulus,  and  X  is  a  shear  correction  factor  accounting  for 

nonlinear  Ti,  distribution  in  the  x  direction.  The  total  rotation  of  the 
section  AB  la  denoted  by  u',  where  the  prime  denotes  differentiation  with 
respect  to  a.  From  Figure  3,  it  follows  that: 

u'  (18) 


The  bending  moment  at  any  a  location  is  expressed  as  follows: 
N  -  /  Cs  xdA  ■  /  (E  et)  xdA  -  / E(xf’)  xdA  *  Eliji'  (19) 


where  CTj,  is  the  fastener  banding  stress,  £x  is  the  axial  strain 
in  the  fastener  due  to  bending,  E  is  the  fastener  Young's 
modulus,  and  I  is  the  moment  of  inertia  of  tha  fastener  cross- 
section  about  the  y  axis  (normal  to  the  xz  plane) . 

If  the  fastener  is  subjected  to  a  distributed  transverse 
load  q(s) ,  force  and  moment  equilibrium  considerations  yield  the 
following  relationships  (see  Figure  4): 

,  (20) 
v  --q 


Again,  primas  denote  differentiation  with  respect  to  a.  Equations  17  to  21 
y'eld  the  following  relationships  for  H,  V  and  y  ■■ 


-il  [u"  +  q/(XGA)] 

(22) 

-El  [u"'  +  q'/(ACA)] 

(23) 

-(EX/ACA)  [u"'+q7<AGA)]  -u' 

(24) 

Equations  20  and  21  may  bs  combined  to  yield  the  following 
equilibria  equation: 
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m"  -  -q  (25) 


Substituting  equation  33  Into  the  above  equation,  th<"  following 
governing  equation  ia  obtained! 


u""  ♦  q"  /(ACA)  -  q/(EI)  -  0  (36) 


Thia  aquation,  where  q  -  q(a) ,  governs  the  diaplaoaaent  of  the 
fastener. 

The  affeot  of  the  bolted  plate  (aetallic  or  laminated)  on  *-he  fastener 
displacement  ia  represented  by  the  transverse  loading  term  q(s)  in  the  governing 
equation.  The  q(a)  term  la,  in  turn,  linearly  related  to  the  fastener 
displacement  u(s)  through  the  foundation  modulus  k(t) .  For  the  more  general 
lemlnated  foundation,  tha  foundation  modulus  varies  from  ply  to  ply,  and  is 
uniform  within  a  ply.  k(i)  ia,  therefore,  piecewise  uniform. 

<  In  tha  developed  analysis,  every  ply  ia  also  assumed  to  be  a  bilinear 
elastic  (Hencky)  material  (see  Figure  5) .  This  representation  of  the  ply 
behavior  permits  the  prediction  of  a  local  damage  in  the  ply  (when  u  -  u ,  ) 
that  ia  not  catastrophic.  Tha  ply  modulus  is  kg  for  0<u  <u ,  .  Depending  on 
the  type  of  damage  predicted  in  the  ply,  its  modulus  (kfc  )  beyond  u  «  u.  is 
set  to  be  greater  than,  equal  to  or  lass  than  aero.  It  k*>0, 

tha  ply  exhibits  a  hardening  behavior;  if  kvao,  it  exhibits  a  softening 
behavior;  and  if  k^-0,  tha  ply  is  an  alastic-perfectly  plastic  material,  when  u 
takes  the  value  of  u*  (Figure  5),  the  ply  loses  its  load-carrying  capability. 
At  this  load  level,  the  ply  ia  assumed  to  have  failed  totally  and  its  modulus 
and  load  are  reset  to  aero.  Adjacent  unfailed  plies  share  the  load  that  is 
released  by  tha  totally  failed  ply. 

The  general  ply  load  versus  displacement  behavior  is  expressed 
mathematically  aat 


q<»)  -  -ku  -  ku  ,  where 
k  *  hj  for  sn  undamaged  ply 
k  •  kj  *  akA  for  a  partlcally  damaged  ply 
k  “  0  for  a  totally  damaged  ply 

k  ”  kl  '  kj  ■  W-o)kj  for  a  partlcally  damaged  ply  (28) 

k  •  0  for  a  totally  daaaged  ply 
u  •  0  for  an  undamaged  ply 
u  ■  uQ  for  a  partially  or  totally  damaged  ply 


kl*  “o'  k2  and  u*  or  PuituMte^initlal  ful1*  define  the  general 

behavior.  ua  end  u*  are  dependent  on  the  feilure  criteria  used  to  predict 
partial  and  total,  ply  damage.  kt  -  k,*  is  established  by  assigning 

v5lu“  for  the  various  partial  damage  types.  If  the  ply  behavior  can  be 


adequately  represented  by  a  linear  elastic" approximation," 
Equation  27  may  be  used. 


a  simplified  form  of 


..  **•  intial  foundation  modulus  (kx)  for  the  j  th  ply  type  is  computed  using 

the  following  relationship! 

kl  *  pxj/(h)4«ff)  (29) 


where  4eff  *nd  Pxj  are  computed  using  FIOEOK  results  and  the  principle  of 
(Reference  5) ,  and  hj  is  the  thickness  of  the  j  th  ply  type. 


work 


The  boundary  end  continuity  conditions  on  a  fastener  that  bolts  two  plates 
in  a  single  lap  configuration  are  shown  in  Figure  6.  The  portion  of  the 
fastener  in  each  plate  is  shown  separately.  The  load  (P)  in  each  plate  is 
enforced  as  i  shear  boundary  condition  at  the  interfacial  location,  to  satisfy 
•<Tfili5rluB  r“1ufr«*,nt-  Th«  shear  force  values  at  the  outer  boudaries 
(the  head  and  nut  locations  of  the  fastener)  are  set  equal  to  rero,  since  the 
load  transfer  is  effected  between  these  locations.  At  the  interface  between  the 
bolted  plates,  continuity  of  the  banding  slope  and  the  bending  moment  are 
enforced.  Continuity  of  displacement  is  not  enforced  at  this  location.  This  is  because  u  (z) 
represents  the  fastener/plate  displacement,  and  undergoes  a  finite  discontinuity  across  this 
interfacial  location  in  the  joint, 


I 
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At  the  fastener  hud  location,  tho  head  typa  and  tha  praaanca  of  washers, 
if  any,  influence  the  constraint  against  free  rotation.  A  washer  and  a  nut 

offer  a  similar  constraint  at  the  other  boundary.  The  constraints  at  the 
fastener  head  and  nut  locations  oan  be  generalised  as  shown  in  Figure  s,  where  Rj. 
and  R^  quantify  the  elastic  restraint.  For  a  pin-connected  joint ,  for 
exaaple,  R^  and  R f.  are  set  equal  to  sero. 

Load  transfer  in  a  symmetric  double  lap  configuration  yields  the  boundary, 
syssetry  and  continuity  conditions  shown  in  Figure  17.  The  boundary  condition 
at  tha  fastansr  head  location,  and  the  shear  and  continuity  conditions  at  the 
interfaoe  between  adjacent  plates,  are  identical  to  those  diacussed  earlier  (see 
Figure  6) .  syssetry  introduces  a  taro  shear  and  a  taro  bending  slope  condition 
at  tha  sidplane  of  plate  2.  It  is  noted  that  only  half  tha  fastener  is  analyzed 
for  a  symmetric  double  shear  situation.  A  total  of  s 
boundary/continuity/symmetry  conditions  are  identified  for  each  joint 
configuration. 


Incorporation  of  Equation  27  into  Equation  26  will  result  in  a  fourth 
order,  ordinary  differential  aquation  for  u(i )  with  variable  coefficients 
(because  k  is  a  function  of  s) .  A  finite  (oentral)  difference  approximation  of 
thei  governing  equation,  and  the  boundary  and  continuity  conditions,  is  adopted 
to  obtain  the  fastanar/plata  displacement  and  the  corresponding  fastener  load 
distribution  in  the  thickness  direction  of  the  bolted  pletes.  This  provides  a 
rapidly  executable  solution  schema  that  oan  be  economically  executed  many  times 
to  predict  progressive  failures  in  bolted  joints. 


Figure  8  describes  how  tha  continuous  fastener  is  discretized  into  a  finite 
number  of  nodal  points.  In  tha  chosen  example,  plates  1  and  2  are  assumed  to  be 
5-ply  and  4-ply  laminates,  respectively,  bolted  together  in  a  single  lap 
configuration.  The  portion  of  the  fastener  in  each  plate  is  represented  by 
equally-spaced  nodes  located  at  tha  ply  midplanes.  If  either  plate  is  metallic, 
it  is  divided  into  m  or  n  number  of  plies  of  the  same  properties.  To  enable  tha 
use  of  a  central  difference  schema  for  tha  governing  equation  ana  the  boundary 
conditions,  two  'false*  nodes  are  assumed  to  be  present  on  either  side  of  a 
plate. 

The  governing  equation  is  enforced  at  the  n  +  a  'physical'  nodes,  and  tha 
boundary/cor.tinuity/aymaetry  conditions  are  enforced  at  the  boundary  nodes 
(identified  in  Figure  9  as  nodes  3  and  n+2  in  piste  1,  and  nodes  n+7  and  «+n+6 
in  plate  2) .  This  provides  a  system  of  m+n+B  equations  that  are  solved  for  the 
nodal  displacements  by  using  a  standard  matrix  decomposition  or  a  matrix 
inversion  routine.  Tha  coefficient  matrix  to  be  inverted  is  banded  in  nature, 
and  a  special  purpose  Gaussian  trlangularliation  computer  code  was  developed  to 
solve  for  the  nodal  displacements.  When  the  coefficient  matrix  size  is  large, 
this  provides  an  economical  means  of  obtaining  solutions. 

Tha  number  of  actual  plies  in  a  bolted  laminate  determines  the  number  of 
nodes  in  the  portion  of  the  fastener  within  that  laminate.  A  physical  ply  can 
also  be  divided  equally  into  two  or  more  plies  of  smaller  thicknesses,  to 
improve  the  accuracy  of  the  solution.  Referring  to  Figure  9,  if  plate  1  is  a 
laminate  with  n  plies,  the  portion  of  the  fastener  within  plate  l  can  be  divided 
into  k  x  n  segments  that  are  t,/(kxn)  in  thiokness,  where  k  is  any  integer 
pi. 


The  effect  of  tha  number  of  nodes  par  bolted  plate  on  the 
convergence  of  tha  displacement:  solution  was  studied  in  Reference  5.  It  is 
necessary  to  divide  a  metallic  plate  into  at  least  20  identical  "plies"  to 
obtain  a  converged  displacement  solution,  which  ensures  an  accurate  prediction 
of  tha  load  distribution  in  tha  thiokness  direction.  In  laminated  (non- 
metallic)  plates,  a  minimum  of  30  nodes  per  plate  is  required  to  obtain  accurate 
solutions. 

The  finite  difference  formulation  of  the  fastener  analysis  has  been 
programmed  to  be  tha  FDFA  computer  coda.  Convergence  studies  on  the  analysis, 
correlation  of  FDFA  predictions  with  available  analytical  solutions,  and  sample 
predictions  using  FAFA  are  presented  in  Reference  5. 

4.  Effective  Fastener  Element 

Refarmg  to  Figure  10,  the  relative  displacement  between  two  bolted  plates 
is  computed  using  tha  fastener  analysis  described  in  section  3  (FDFA  computer 
code) .  This  enables  tha  computation  of  the  affectl*  a  fastener  stiffness  value 
as  follows: 

Kx  *  p/<“t  ’  V  (30) 


where  ara  tha  average  relative  displacements  (between  tha  top  and 
bottoa  surfaces)  in  tha  top  and  .bottom  plataa,  raapactivaly.  P  ia  tha  load 
applied  along  tha  x  diraetion  in  tha  xy  plana  of  tha  boltad  plataa.  Whan  both 
tha  boltad  plataa  ara  iaotropio,  tha  affaotiva  tranavaraa  faatanar  atitfnaaaas 
in  tha  x  and  y  diraotiona  ara  identical:  i.a.,  ky«kx.  It  aithar  plata  ia  a 
laainatad  composite,  thia  analyaia  ia  parforaad  twlca  tor  aach  faatanar.  Tha 
layup  uaad  to  coaputa  kx  ia  rotatad  by  SO  dagraaa  to  obtain  ky. 

ha  shown  in  Pigura  10,  tha  tvo-noda  aff active  faatanar  element  allowa  two 
daoraaa  of  fraadoa  (OOP)  at  aaeh  noda,  parpandioular  to  tha  axia  of  tha  alaaant. 
Through  tha  ?DPA  computation  of  kx  and  ky,  a  4  x  4  affaotiva  faatanar  atiftnaaa 
matrix  ia  ganaratad.  Hitharto,  thaaa  atiftnaaaaa,  rafarrad  to  aa  joint 
atiffnaaaaa,  hava  boat)  axpariaantally  aaaaurad  quant  it  iaa. 

9.  Loadad  Hola.  Unloaded  Hols  and  Plain  kiananta 

in  a  ganaral  xultiply-faatanad  panal,  significant  moments  and  out-of-plane 
forces  can  ba  ganaratad  by  tha  appliad  loading,  particularly  in  a  single  shear 
load  transfer  configuration.  Tha  present  analyaia  assuxas  that  tha  loadad  hola, 
unloadad  hola  and  plain  elaaanta  behave  essentially  aa  aeabranaa  under  plane 
stress  conditions. 

'  Tha  characteristic  faatura  of  tha  loadad  and  unloadad  hola  elaaanta  is  the 
presence  of  a  atraaa  concentrator  (tha  hola)  which  coaplicataa  tha  process  of 
determining  stiffness  coefficient*.  The  FIGEOM  coda,  described  in  Reference  5, 
ia  capable  of  computing  tha  state  of  atraaa  within  a  doubly-connected  region  of 
finite  diaaneiona,  under  arbitrary  inplana  biaxial  loading.  The  availability  of 
PIGEON  motivated  the  adoption  of  a  flexibility  approach  to  conputing  tha  element 
stiffness  matrix.  Tha  natural  mode  method,  originally  proposed  by  Argyris,  is 
employ Jd  for  thia  purpose  (Reference  19) . 

The  natural  noda  method  was  originally  developed  as  a  simpler  alternative 
to  the  sometimes  tedious  matrix  displacement  method  of  determining  element 
atiffneas  relationshipa.  The  natural  mode  aathod  racogniees  that  the  total 
number  of  kinematic  dagraaa  of  traadom  in  an  element  can  be  separated  into 
straining  and  r'  -id  body  sodas.  only  the  straining  uodes  give  rise  to 
stiffnesses  that  are  referred  to  as  natural  or  invariant  stiffnesses.  The 
natural  stiffness  matrix  is  of  a  lower  order  than  the  global  atiffneas  matrix. 
Tha  natural  mode  technique  proceeds  from  a  flexibility  standpoint  in  which 
natural  load  cases  are  Initially  imposed  to  compute  the  natural  flexibilities. 
Tha  natural  flexibility  matrix  ia  subsequently  inverted  to  yield  the  natural 
atiffneas  matrix.  The  natural  stiffness  matrix  is  then  expanded  to  yield  the 
global  atiffnesa  matrix  using  relationships  between  the  natural  modes  and  the 
nodal  displacements. 

The  natural  flexibility  coefficients  ara  computed  based  on  tha  principle  oi 
virtual  work.  When  straases  are  varied  while  strains  are  held  constant,  a 
calculus  of  variations  definition  of  tha  virtual  work  is: 


«w  -  ///  U)T  i  (o)  dv 
c  v 


where  V  is  the  volume  of  tha  domain  of  interest.  The  stresses 
and  strains  introduced  by  the  natural  loads  ara  defined  aa: 


*  t°*°y  T„]T’MV  (32) 

(c)  -  [c,  cy  y^f  -  hUl'1  [o]  (pn)  (33) 


where  tha  states  of  stress  and  atrain  are  at  a  point  in  the  plata  of  thickness 
h,  [T*„ )  la  a  vector  of  natural  or  generalised  loads,  hthl  is  the  inplane 
flexibility  matrix  for  a  laminated  or  metallic  plate,  and  contains  the 
contribution  of  eaoh  natural  load  case  to  the  total  stress  stats  in  the  plate. 
Equation  31  may  than  be  written  as: 


-  <V 


k 


W  [of  h[*]"1  [  o]  dv 


(34) 


Tha  natural  flexibility  matrix  may  than  be  defined  as: 
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(rj  ■  :n  [ o]1  h(*rl  t o]  ->v 


05) 


Integrating  In  th«  thickness  diraction. 


s 


(36) 


where  •  la  tha  araa  of  the  domain  of  intaraat.  It  la  tha  natural 

dlaplacaaant  vactor,  tha  flexibility  relationship  la  expressed  aa: 


(V 


(37) 


°f 

v  *  i*»rx  v  •  W  {v  (38> 

vhmrm  is  thm  natural  atiffnaaa  Matrix. 


To  relate  the  displacements  in  the  natural  and  global  coordinate  systems,  the  global 
displacement  vector  can  be  represented  aa  a  combination  of  elastic  and  rigid  body  components. 
Assuming  n  nodes  in  the  plate  element  and  two  degrees  of  freedom  (  u  and  v  in  the  x  and  y 
directions,  respectively)  at  each  node, 


(o)  -  [«A  vx  u2  »2  .  .  .  uB  *n]T  -  (pt)  +  (Po> 

Tha  alaatlc  global  displacements  at  tha  n  nodaa  ara  ralatad  to  tha  natural  load, 
aa  follows! 


(P,)  -  [**]  (»„> 


(40) 


whara  L^al  la  a  trana  format  ion  matrix.  Substituting  Equation  38 
into  Equation  40,  one  obtains! 


<»,>  •  tVj]  tsi  {e*] 


(«D 


Tha  rigid  body  component,  ijf  tha  global  displacamants  ara  axpraaaad  as: 


(o0)  •  [*0]  i»;> 


(42) 


whara  ( \  contains  tha  rigid  body  translations  in  tha  x  and  y  direction*  (u  and 
v) ,  and  tha  rigid  body  rotation  about  tha  x  diraction  (  ).  Tha  l  A  ,] 

matrix  is  aolaly  dapandant  on  tha  element  geometry,  and  an  example  for  a  five- 
node  element  is  praaantad  in  Figure  11. 

Tha  relationships  in  Equations  41  and  42  ara  adjoined  to  yield  tha 

following  expression  for  tha  global  displacements  (sea  Equation  39)! 


<p>  -  I  [*»}  ls3  •  [\]]  [vOT  <«> 


Tha  inverse  of  Equation  43  yields  a  ralationahip  between  tha  displacamants  in 
tha  natural  and  global  coordinate  systems i 
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tv*;)T  • 

tsi  W ' 

'  ]  "l  (p) 

• 

[%]  «  [•.] 

]  T  (P> 

(44) 

Or,  (c^>  • 

[•  J 

(49) 

Incorporating  Equation  4>  into  tho  principle  of  virtual  work,  the  fallowing 
relationship  botwooon  nodal  (global)  loads  and  tho  natural  loads  is  obtained: 

m  •  [•.]*  <v  <«> 

The  global  stiffness  matrix  is  than  ralatad  to  the  natural 
stiffnass  matrix  1**1  through  tha  transformation  matrix 
as  follows: 

« 

i\)  *  t*.]T  [S3  C*.]  (47) 


Tha  order  of  tho  natural  flax.1  oil ity  matrix  is  lass  than  tha 
total  number  of  degress  of  freedom  (OOP)  in  tha  elamant  by  three.  Tha 
S-node,  10— OOP  loaded  hole  element,  therefore,  requires  seven  natural 
load  oases  that  rorm  an  uncoupled,  orthogonal  set.  These  load  canes 
fully  interrogate  nodal  intaractiona,  and  represent  the  basic  element 
deformation  nodes,  including  membrane  et-atchlng,  shear  and  banding 
(see  rigure  12).  In  computing  the  natural  flexibility  matrix, 

Equation  IS  is  evaluated  numerically  using  a  standard  Gaussian 
integration  scheme  to  approximate  the  surface  integral. 

The  integration  (summation)  is  performed  by  dividing  the  element 
into  four  regions.  The  stresses  for  each  load  case  are  computed  in 
each  region,  at  locations  that  correspond  to  fifth  order  Gaussian 
quadrature  points,  soaled  to  the  geometry  of  the  element.  Tha  computed 
stresses  are  summed  and  weighted  to  yield  the  natural  flexibility 
coefficients. 

In  the  loaded  hole  element,  the  first  four  load  cases,  in 
which  the  externally  applied  load  is  raactad  at  the  boundary, 
cause  a  significant  non-uniform  distortion  of  the  element  edges 
(see  Reference  <) .  These  straining  modes  are  not  adequately 
represented  by  storing  only  the  nodal  displacements  in  the  l  A. 3 
matrix.  To  correct  this  problem,  the  average  edge  normal 
dlsplacementa  are  assigned  to  the  nodes. 


The  generation  of  global  stiffness  matrices  for  tha  unloaded  (open)  hole 
and  plain  elements  follows  tha  procedure  outlined  above.  These  elements  contain 
only  four  nodes  (•  DOF)  each.  Therefore,  only  five  natural  load  casoa  are 
required  to  generate  their  natural  flexibility  matrices.  The  transformation  of 
the  S  x  9  natural  flexibility  matrices  to  the  a  x  •  global  stiffnass  matrices 
for  the  two  elemente  follows  Equations  3t  to  47.  Since  FIGEOM  was  developed  to 
analyse  doubly-conneoted  planform  regions,  the  plain  alement  stiffnesses  are 
obtained  using  the  open  hole  element  algorithm,  setting  the  hole  radius  to  a 
very  small  value.  This  also  provides  tha  added  benefit  of  using  the  samo  set 
of  subroutines  to  generate  the  stiffness  matrices  for  all  the  plate  elements 
(loaded  hole,  unloaded  hole  and  plain  elements) . 

4.  load  Distribution  Among  Fasteners 

A  typical  bolted  joint  is  raprsaanted  by  interconnected  special  finite 

elements.  The  stiffness  of  each  element  is  initially  computed  and  stored.  The 

global  joint  stiffness  matrix  is  then  formed  by  assembling  the  individual 
stiffness  matrices  for  the  loaded  hole,  unloaded  hole,  plain  and  effective 
fastener  elements.  The  SAMCJ  user  only  defines  the  type,  geometry  and 

Troperties  of  the  individual  elements.  SAMCJ  internally  processes  this 

nformation  to  generate  the  global  joint  stiffness  matrix. 

The  assembled,  global  joint  stiffness  matrix  is  related  to  tha  nodal 
displacements  and  loads  as  follows: 

(r)  -  Uj]  (e) 


(48) 


Ml 


I 


taoh  MM  plat*  oontalna  H  nodes,  which  include  tha  faatanar  nodaa.  Each  node 
haa  two  degrees  of  freedcr  (u  and  v  diaplacenants) .  Tharaforo,  tha  global  joint 
atlffnaaa  Matrix  la  4M  x  «M  in  alaa.  Tha  imposed  boundary  constraints  raduca 
tha  alio  of  tha  atlffnaaa  aatrlx  that  la  avantually  uaad  to  ooaputa  tha  nodal 
diarlaeaxanta  and  boundary  constraint  forces.  Incorporation  of  tha  nodal 
dlaplaoananta  into  alaaent  equilibrium  equations  yiald  tha  nodal  foreaa  in  tha 
individual  elements.  Tha  loada  at  noda  S  in  each  loadod  hola  alanant  provida 
tha  x  and  y  ooaponents  of  tha  faatanar  load  in  that  alanant. 

7.  Stress  State  in  tljs  jolted  Plata 

Tha  atraaa  atata  at  any  lntamal  point  in  an  alanant  la  conputad  using  a 
prooadura  ainilar  to  tha  coaputation  of  tha  natural  f lexibllity  matrix  (a ae 
Reference  •).  During  tin  generation  of  alanant  natural  flaxibility  aatrlcaa, 
tha  atraaa  atataa  at  laoatlona  within  the  alanant  are  computed  and  atorad  for 
unit  valuaa  of  ovary  natural  load  eaae.  Deaired  atraaa  recovery  locations  arc 
pra-aalactad  for  this  purpose . 

a.  strength  and  Failure  node  Prediction  ( 

SMP*J  pradiota  tha  atrangth  of  a  bolted  plate  using  average  atraaa  failure 
criteria  at  tha  laalnata  level  (aee  Pleura  13) .  In  Re fa ranee  3,  tha  same 
criteria  ware  applied  at  the  laaina  level  to  predict  progroeelve  ply  failures  in 
a  singly- fastened  laminate.  The  charectarlatle  distances  over  which  the 

stresses  are  averaged  in  SAMCJ  are  different  from  those  uaad  in  hafaranea  s.  I 

Mao,  failure  ia  assumed  to  be  a  one-step  ( catastrophic)  process.  The  strength  J 

of  a  bolted  plate  oorreeponda  to  tha  initial  failure  at  a  fastener  or  cut-out  ■ 

location,  in  a  bearing,  shear-out  or  net  section  failure  node.  t 

Appropriate  failure  aitas  are  identified  by  SAMCJ  in  ovary  alanant.  These 
sltoa  vary  with  tha  applied  loading.  Tha  characteristic  distances  tor  tha  net 
section,  shear-out  and  bearing  nodes  of  failure  are  divided  into  a  finite  nuaber 
of  regions.  Tha  appropriate  stress  ooaponents  corresponding  to  a  l-kip  joint 
load  are  eoaputed  in  theaa  regions,  and  their  average  valuee  over  the  respective 
characteristic  distances  are  stored.  The  ratios  of  these  average  stresses  to 
the  corresponding  unnotched  strengths  are  subsequently  eoaputed  and  relatively 
evaluated  to  predict  the  strength  of  the  bolted  plate,  the  failure  aits  end  the 
failure  node.  Under  tensile  loading,  the  average  C*  value  over  S-T*  is  divided 

by  the  unnotched  tensile  strength  to  predict  net  section  tensile  failure.  1 

Under  conpraesive  loading,  the  average  <J»  value  over  ia  divided  by  the 

unnotched  conpraesive  strength  to  predict  net  section  canpraesive  failure.  The 

average  <r*  value  over  ia  divided  by  the  unnotched 

canpraesive  strength  to  predict  bearing  failure.  The  average  t „  value  over 

is  divided  by  tha  unnotched  shear  strength  to  predict  shear-cut  failure. 

The  unnotched  laninata  strengths ,  under  tension  and  under  compression,  are 
conputad  by  SAKCJ  baaed  on  input  fiber-directional  failure  strain  values 
(tensile  and  caapreeeiva) .  Laninata  strengths  under  H»  and  NM  loadings 
(Inplane  noraal  and  shear  atreee  resultants,  respectively)  are  assumed  to 
correspond  to  first  fiber  failure  in  e  ply.  This  simplistic  strength  prediction 
procedure  introduces  inaccuracies  that  have  been  acknowledged  end  discussed  in 
the  literature.  Nevertheless,  SAMCJ  adopts  this  procedure  for  leek  of  a 
validated  alternative. 


SAKCJ  assumes  that  e  net  aection,  shear-out  or  bearing  failure  of  any 
element  results  in  joint  failure.  This  assumption  results  in  a  one-atep 
atrangth,  failure  aita  and  failure  node  prediction  for  a  multiply- fastened 
plate.  A  l-kip  tensile  or  compressive  load  ia  applied,  end  tester.er  loads  end 
normalised  averaged  stresses  corresponding  to  not  section,  sheer-out  and  bearing 
failure  nodes  ere  computed.  The  failure  value  of  the  applied  load  corresponds 
to  *.  unit  value  of  the  naxinun  normal lied  average  stress.  An  identification  of 
the  naxinun  normalised  average  atreee,  end  its  location,  provides  the  joint 
failure  node  end  the  critical  faatanar  or  cut-out  location. 

9.  Semple  BAKU  Predictions 

In  tha  experimental  pert  of  Reference  1,  over  160  camposlta-to-aluminum 
multifaetener  joints  were  tasted  under  atatlc  loading.  Reference  30  contains 
results  from  these  testa,  including  fastener  load  distribution  measurements 
using  atrain-gaged  bolts,  failure  loads,  failure  locations  and  failure  modes. 
Sample  teat  cases  from  Reference  30  are  analysed  below  using  tha  SAMCJ  computer 
code.  Analytical  predictions  are  compared  with  test  results  to  establish  the 
validity  of  the  developed  analysis. 

bolted  laminates  were  fabricated  using  AS1/3501-S  graphita/apoxy 
unidirectional  prepreg  materiel  containing  approximately  33t  resin  by  weight. 
These  included  30  -  and  40  -  ply  laminates  with  30/40/10,  70/30/10,  30/60/10  and 
33/40/13  (percentages  of  0  ,  +-45*  and  90*  plies,  raapeetivaly)  layups.  Tha  30- 
ply,  30/40/10,  70/30/10  and  30/60/10  layupa  had  [ (43/0/-43/0)3/90]a,  [45/0/- 
4 3/03/90/03 )e  and  (43/0/-43/0/4S/90/-43/0/+-43)s  stacking  sequences, 
respectively.  Tha  40-ply,  30/40/10  end  70/30/10  layups  had  [(45/0/- 
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43/0)  l/0/90]ie  and  (4S/0/-43/03/90/03]3a  stacking  •  *-;  .ar  ■**-,  respectively. 

Aluainua  plates  were  bolted  to  laalnataa  to  ,t/.  load  tranafar  in  single 
and  double-shear  configurations.  The  metallic  plataa  vara  aaehinod  froa 
707S-T7  raw  atoek,  and  oontainad  faatanar  hola  arrangements  that  were  compatible 
with  thoaa  in  tha  laminated  apaoiaana .  Tha  thioknaaa  tf  tha  natal  plataa  in  tha 
aaetion  ia  danetad  by  tM . 

Hunt  of  tha  taata  uaad  3/14-lnch  diaaatar,  protruding  haad  ataal  faatanara. 
Saiaetad  taata  uaad  S/l*-inch  diaaatar,  100  dagraa  oountersunk  (tanaion  haad) 
ataal  faatanara,  Tha  faatanara  vara  torqued  to  100  in-lb,  prior  to  testinq, 
unions  othorwiaa  apaeitlod. 

•.I  Composlts-to-Matel  Joint#  with  Four  Faatanora  In  a  Rectangular  pattern 


Taat  oaaoa  las,  lit  and  no  in  Reference  10  eonaidar  coapooita-to-aatai 
jointa  in  a  aingla-ahaar  configuration,  with  four  faatanara  in  a  ractangular 
patter  ..  Tha  finita  alaaant  nodal  for  oach  of  tha  boltad  plataa  contains  tour 
plain  and  four  loadod  hola  alananta. 

,  Figura  14  oonparoa  SANCJ  prod lot ions  with  toat  roaults  froa  Reference  io 
tor  boltad  30/40/10  laninatos.  Tha  prodietod  faatanar  load  distribution  is 
naarly  oqual,  with  tha  innor  faatanora  carrying  a  slightly  larger  fraction  of 
tha  load  (St).  Thia  agrooa  with  tha  taat  roaulta  in  kafaranca  20.  samjc 
prodicta  a  ahoarout  failure  at  tha  innar  faatanar  location.  The  predicted 
•has rout  load  lavala  corresponding  to  tha  two  innar  faatanora  ware  is.l  and  18.9 
kips.  in  Kafaranca  10,  tha  aaao  failure  location  (innar  fasteners)  and  failure 
aoda  ware  observed  in  two  out  of  three  raplieatea.  In  tha  remaining  replicate, 
though,  a  net  section  failure  occurred  aoroaa  tha  innar  faatanora.  Tha  shaarout 
failures  in  two  apaoieana  ware  aocoapanied  by  delamlnatlon  in  tha  laminate.  Tha 
failure  load  predicted  by  SAMJC  (lt.l  kipa)  ia  only  6t  larger  than  tha  meaaurad 
average  value  (17.1  kipa). 

SAMCJ  predictions  for  bolted  70/10/10  laminates  are  presented  in  Figure  is. 
Tha  faatanar  load  distribution  ia  identical  to  that  predicted  for  the  50/40/10 
laminate,  and  agrees  with  the  taat  results  free  Reference  10.  The  predicted 
failure  location  (inner  faatanara)  and  failure  mode  (shea rout)  correlate  wall 
with  the  observations  in  Reference  10.  Aa  before,  ahoarout  is  accompanied  ly 
dslam (nations  in  the  failed  laminate.  The  failure  load  predicted  by  SAMCJ  (11.8 
kips)  is  lit  lower  than  the  measured  average  value  (14. t  kipa). 

SAMCJ  predictions  for  boltad  30/60/10  laminates  are  presented  in  Figure  16. 
in  this  aase,  tha  pradiatad  loads  in  the  innar  faatanara  (3,  4)  are  17t  larger 
than  thoaa  in  the  outer  faatanara  (1,  1) .  SANCJ  predicts  a  not  section  failure 
across  tha  innar  faatanar  hoist  (3,  4)  at  a  load  level  of  11.4  kips-  In 
Reference  30,  tha  prodietod  net  section  failure  was  observed  at  tha  predicted 
site,  aocoapanied  by  delasinatlona .  The  failure  load  predicted  by  SANCJ  (12.4 
kipa)  is  14%  lower  than  tha  measured  average  value  (16.4  kips). 

9.2  Compoalte-to-Msta\  Joints  with  Sim  Fasteners  and  an 
Adi scant  Circular  Cut-Out  in  tha  Laminate 

Test  cases  243  and  146  In  Raferenos  10  address  a  single-shear  load 
tranafar  between  0.5-inch-thick  aluainua  plates  (without  a  cutout)  and  40-ply 
laainatas  of  30/40/10  and  70/20/10  layups,  with  a  one  inch  disaster  circular 
cut-out  adjacent  to  the  fasteners. 

SANCJ  predlotiona  for  tha  40rply,  30/40/10  laminate  are  presented  in  rigure 

17.  SANCJ  predicts  tha  applied  load  to  be  divided  naarly  equally  among  tha  six 
fasteners,  with  fasteners  at  locations  2  and  3  carrying  tha  largest  fraction. 
This  correlates  fairly  wall  with  tha  strain-gaged  bolt  measurements  in  Reference 
20.  SANCJ  predicts  failure  to  occur  in  a  net  aaetion  soda,  across  the  l-inch 
diameter  oircular  cut-out.  Two  out  of  three  teat  replicates  failed  in  the 
predicted  manner.  One  replicate,  however,  failed  in  a  net  section  aoda,  across 
tha  inner  fasteners  (4,  3,  6).  Tha  failure  load  pradictad  by  SAMCJ  (38.3  kips) 
is  9%  lower  than  tha  measured  average  value  (42.0  kipa).  SAKJC  predicts  a 
higher  load  level  (53.7  kipa)  for  a  net  section  failure  across  the  inner 
fastener  holea,  observed  in  one  out  of  throe  raplieatea. 

SANCJ  predictions  for  the  40-ply,  70/20/10  laminate  are  presented  in  Figure 

18.  Predicted  load  distribution  among  tha  six  faatanara  ia  similar  to  that 
pradictad  for  tha  30/40/10  laminate,  and  ia  in  fair  agraeaent  with  test 
aeasurements.  SANCJ  predicts  a  shaarout  mods  of  failure  at  an  innar  fastener 
Inaction  (3),  and  testa  revealed  shaarout  failures  at  all  the  fastener 
locations  (1  to  <) ,  accompanied  by  delamlnations.  the  failure  load  predicted  by 
SAMCJ  (37.9  kips)  la  13%  lower  than  the  measured  average  value  (43.9  kips).  It 
ia  also  noted  that  SANCJ  predicts  a  net  section  failure  across  the  l-inch- 
diametar  circular  cut-cut  at  a  slightly  higher  load  level  (39.8  kipa). 
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»-J  CcwMlteto-llitil  Joint*  HiSU  list  Bllteim  lfi  S  BfiSf 

Mat  ease  MO  in  Reference  30  onneidere  load  tranafar  between  un  aluninua 
Plata  and  a  <o-ply,  S0/40/10  laalnata  in  a  double  ahaar  configuration.  samcj 
pradlotloita  for  thla  test  oaaa  ara  praaantad  in  Flour*  1*.  Tha  pradlctad  load 
distribution  among  tha  faatanara  qualitatively  follow*  tha  trand  indlcatad  by 
the  strain-gaged  bolt  naaauraaonta  In  Reference  >0.  Tha  pradlctad  peak  faatanar 
load  freetltn  (0.1*3),  however,  la  lowar  than  tha  aaaaurad  value  (0.345).  Tha 
innermost  faatanar  (»  la  pradlctad  to  carry  thla  paak  fractional  load,  in 
agrasmant  with  toot  results.  IANCJ  pradleta  tha  laalnata  to  fail  in  a  not 
aaetion  aoda  aoroa*  tha  Innamoat  faatanar  hola  (8) .  Thla  prediction  la  alto  in 
agreement  with  tha  observations  in  Rafaronoa  20.  Tha  analytically  pradlctad 
failure  load  (13.4  klpa)  ia  24%  lowar  than  tha  aaaaurad  average  value  (17.7 
klpo). 

10.  awlm  And  1  oat  ion 

Tha  deaign  of  a  bolted  joint  in  coapoeita  atructurea  involve*  tha  selection 
of  tha  faatanar  typo,  also  and  arrangement  (■ pacing  between  adjacent  faatanara), 
and  geoawtry  change*  in  the  bolted  plataa  (layup  change  and  change  in  the 
pi an fora  diaenalona) .  IANCJ  oan  quickly  interrogate  the  at foot*  of  all  theae 
paraaatar*  on  tha  joint  atrength,  independent  of  taat  aaaaureaenta  like  "joint 
atiffnaaaao,"  and  Ia,  thoraforo,  a  rapidly  uaafelo  analytical  deaign  tool.  If 
tha  bolted  laalnata  ia  to  be  fabricated  ualng  a  new  material,  only  the  basic 
lamina  prepart lea  and  tha  eharaatariatio  diataneea  for  the  average  stress 
failure  arlteria  have  to  ba  determined  prior  to  performing  the  analyaia. 

U.  conclualon* 

The  algnif leant  improv amenta  offered  by  IANCJ  over  tha  stats-of-ths-art  at 
tha  inoaptlon  of  tha  program  in  Rafaronoa  1  are i 

(1)  IANCJ  perform*  a  ona-stap  analyaia  that  compute*  the  faatanar  load 
dlatrlbutlon,  critical  faatanar  location,  joint  failure  load,  and  the 
corresponding  failure  mod*.  Hitherto,  separata  fastener  load  dlatrlbutlon  and 
failure  analyses  were  performed,  requiring  e  two-step  analytical  procedure. 

(2)  IANCJ  only  requires  tha  geometric  and  material  properties  of  the 
bolted  plates  and  faatanara  aa  input.  SAMCJ  internally  computes  the  affective 
transverse  faatanar  stiffness  values  that  account  for  faatanar  alae,  fastener 
and  bolted  plat*  material  properties,  bolt  torque,  load  eccentricity  (single 
versus  double  ahaar  load  transfer) ,  and  the  local  three  dimensional  stress  state 
at  the  fastener  1 'cation.  Hitherto,  those  effects  oould  only  be  accounted  for 
via  experimentally  measured  "joint  stiffnesses."  SAMJC  eliminates  the  need  for 
these  eimerimantal  measurements,  and  ia,  therefore,  the  first  multifastenar 
bolted  ■*olnt  strength  analysis  that  ia  devoid  of  dependence  on  test  results. 

()i  IANCJ  performs  a  two-dimension* 1  load  distribution  analysis,  and 
predicts  tha  magnitude  and  orientation  of  the  load  at  each  fastener  location  via 
components  of  the  fastener  load  along  and  perpendicular  to  the  load  direction. 
Hitherto,  analyse*  only  addressed  the  row-to-row  load  variation,  or  the  axial 
components  of  tha  fastener  loads,  resorting  to  a  one-dimensional  analysis. 

(4)  IANCJ  accounts  for  stress  concentration  interaction  effect*  that 
hitherto  oould  not  ba  accounted  tor.  This  includes  the  effects  of  adjacent  free 
edges,  cut-outs  and  proximate  fastener  locations. 

(9)  IANCJ  account a  for  tapered  bolted  plate  geometries  that  are 
commonplace  in  practical  situations. 

The  primary  limitation*  of  the  developed  analysis  include  its  inability  to 
aooount  tor  the  effect  of  countersunk  fasteners,  its  inability  to  predict  tha 
precipitation  of  del ami nations,  and  the  inaccuracies  introduced  by  the  five-node 
representation  of  a  complex  problem  (a  laminate  with  finite  planform  dimensions, 
a  fastener  hole,  and  a  fastener  load  distribution  around  the  hole  boundary) . 
The  fastener  analysis  segment  of  IANCJ  c  v\  be  modified  to  overcome  the  first 
limitation.  The  failuro  procedure  can  b*  modified  to  predict  dolaminations 
through  approximate  estimations  of  interlaminar  stresses  and  an  appropriate 
failure  criterion.  This  task  will  ba  similar  to  that  performed  in  Reforenca  5. 
The  last  limitation  (inaccuracies  Introduced  by  the  five-node  element)  can  be 
overcome  by  developing  a  higher  order  element  (nine-  node  element) . 

The  presented  (IANCJ)  analysis  i*  a  significant  contribution  to  the  design 
and  analysis  of  bolted  structural  parts.  It  is,  for  most  of  the  practical  joint 
configurations,  moderately  conservative,  and  provides  the  user  with  a  fairly 
acourate  prediction  of  the  failure  location  and  the  overall  failure  mode.  As 
auah,  it  will  be  vary  useful  in  rapidly  and  analytically  evaluating  many  bolted 
joint  ooneepts,  and  to  identify  the  most  efficient  concept  for  a  selected 
application. 
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figure  4.  Boundary  end  Continuity  Condition*  for  * 
Typical  Single  Lap  Joint* 


figure  7 


Boundary  and  Continuity  Condition*  for 
Typical  Double  Lap  Joint. 


Test  Case  225,  Static  Tension,  Single-Shear 
20-Ply,  50/40/10  Laminate 
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Figure  U+.  SAMCJ  Predictions  and  Test  Results  for  Test  Case  225  (  Ref. 6  ). 


Test  Case  229,  Static  Tension,  Single-Sh^r 
20-Ply,  70/20/10  Laminate 
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Figure  IS.  SAMCJ  Predictions  and  Test  Results  [or  Test 
Case  229  (  Ref. 6  ). 
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Test  Case  246,  Static  Tension,  Single-Lap 
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Figure  SAMCJ  Predictions  and  Teat  Results  for  Test  Case  246  (  Ref. 6  ). 
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SAMCJ 

PREDICTION 

TEST  RESULTS 

p,  /p 

0.171 

0.194 

p.'p 

0.199 

0.114 

Pj  •* 

0.197 

0.191 

p4/p 

0.111 

0.107 

p,if 

o.tss 

0.94ft 

^fjllur* 

IS. 4 

17.7 

FAILURE  LOCATION 

ft 

9 

FAILURE  »10DE(S) 

NET  SECTION 

NET  SECTION 

Figure  1^.  SAMCJ  Predictions  and  Test  Results  for  Test  Case  250  j  Ref. 6  ). 
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Abstract 

for  tha  davatopmant  of  the  Alpha-Jet  CFRP  wing  typical  connections  between  different  component*  were  examined  both  theoretically 
and  expen  mentally;  By  doing  thle  environmental  conditions  -  component  humidity  and  temperature  -  were  considered  mainly  within  the 
experimental  work  which  was  performed  by  the  DFVLR-8tuttgart. 

This  paper  coven  typical  Joints  such  as: 

•  single-shear  connection  between  sldna  and  span  with  low  load  transfer 

•  Joints  between  sldns  and  rib*  due  to  interior  tank  pressure; 

•  multi  bolt  Joint  between  the  CFRP  skins  and  the  fuselage  attachment  Itttlngs  with  reference  to 
-bolt  strength  distribution 

-bearing  stress** 


Introduction 


In  a  research  contract,  which  was  sponsored  by  the  German  Ministry  of  Defense  Dormer  developed  and  built  a  CFRP  wing  tor  the  ver¬ 
sion  '  Close  Air  Support '  of  the  Alphe-Jet  tor  ground  testing. 

While  the  surrounding  parts  -  leading  edge,  wing  Up.  trailing  edge  section*  •  and  the  mobile  parts  -  flap,  aileron  -  were  taken  from  the 
series,  the  components  of  the  torque  box  except  tor  the  metal  ribs  are  horn  first  generation  composite  materials  Code  AWT300  with  Fibe- 
rtte  873/T300  as  backup-system.  The  CFRP  components  are  the  strings  rati  ffaned  upper  and  lower  shell*  as  well  as  the  Integrally  stiffe¬ 
ned  front,  middle  and  rear  spars;  all  components  were  manufactured  ln-sltu  in  monolithic  construction  method  (tig.  1). 

The  wing-  lUsaiage  connection  Is  made  by  a  metallic  multi-bolt  Joint  ('Piano-Joint').  The  attachment  Itttlngs  are  connected  with  the  strin¬ 
ger*  and  the  sldn  with  double -shear  bolts. 

The  torque  box  comprizes  an  Integral  tank,  whose  filling  pressure  amounts  to  2.0  bar  and  it*  supply  pressure  to  0,13  bar.  to  the  latter  the 
liquid  pressure  from  roil  manoeuvers  Is  to  be  overlaid,  so  that  In  the  area  of  the  tank  endrlb  •  resulting  pressure  of  2.24  bar  Is  to  be  ta¬ 
ken  care  oT  for  the  structure. 

The  requirements  tor  the  wing  result  from  the  requirements  lor  the  almlane.  Environmental  conditions  result  from  the  aircraft  require¬ 
ments  which  arc  to  be  considered 

*  Service  temperature  -35  <  T  |*C]  <  70 

*  Component  humidity  :  saturtzed  humidity  resulting  from  15%  relative  humidity  (conditioned  state) 

As  critical  were  considered 

*  Joint  between  skin  and  spar  with  high  by-pass  or  low  load  .ransfer  ratio 

*  Joint  between  sldn  and  ribs  subject  to  interior  tank  pressure 

*  Joint  between  skin  and  fuselage  attachment  fitting 

These  were  examined  primary  experimentally  In  dose  collaboration  with  the  DFVLR  Stuttgart  (flg.  2).  All  tests  were  performed  with 
Zwick  universal  test  equipment  which  Is  equipped  with  Inserts  Me  climate  chambers. 


Joint  batwan  Sldn  and  Spun  with  Low  Load  Tranafar 


Introduction 

This  Joint  combines  skins  and  sub-structure  to  •  compound  section.  It  prevents  relative  movements  between  the  elements  to  be  connec¬ 
t'd  and  thus  entorc'is  that  the  spars  carry  parts  of  the  bending  moments.  A  shear  how  in  the  Joint  relieves  the  sldn  and  loads  the  spar 
(flfl  3) 

Fulfilling  the  equilibrium  and  deformation  conditions  tor  the  sldns  and  the  wing  sub-structure  (sads  to  the  shear  flow  which  is  to  be  trans¬ 
ferred  by  the  Joining  element*.  This  shear  flow  and  the  normal  tores  flow  In  the  sldns  define  the  by-pass-  or  tha  load  transfer  ratios;  the 
wing  structural  analysis  performed  by  the  FEM-method  yields 


tha  by-paas-ratlo  to  10% 
the  load  transfer  ratio  to  20% 
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The  load  tansmlaalon  behaviour  of  this  slngle-ohear  joint  ter  tension  and  compression  loading  was  to  be  determined  by  a  set  of  samples 
adapted  to  dw  designed  framework  and  tested  unbar  different  test  oondNtona;  Wise*  toat  condition*  war*  derived  tarn  the  environmental 
condition*: 


*  temperatures  |*C):  45:  23;  10;  TO;  10;  110;  120; 

•  component  humidity:  unconditioned  it  at*  (normal  Humidity), 

conditioned  stair 


Derivation  of  the  Teet  Specimen 

As  laminate  layup*  and  thicknesses  tor  skin  and  spar  flange  ara  given  as  wall  as  bolt  types  tit*  sample  could  b*  defined  by  Its  width  and 
by  Its  length  only.  The  requirements  tor  oompabHHy  tor  the  force  equilibrium  and  the  deformations  lead  to  the  simple  presented  In  fig  3. 
Th*  realistic  assembly  conditions  are  represented  by  the  Installation  or  a  shim-layer  and  a  surface  sealing  In  the  joint  area.  The  joint 
was  accomplished  by  a  titanium  countersunk  bolt  with  defined  torque  and  a  lit  H7/f7  representing  a  play  lit.  For  th*  cheek  of  th*  load 
distribution  th*  sample  was  equipped  with  a  sufficient  number  of  strain  gages. 


Toot  Performance 

In  compression  as  well  as  In  tension  tests  a  strain  gradient  In  th*  sample  thickness  which  Is  due  to  the  sstym matte  structure  of  th*  sam¬ 
ple.  was  observed.  This  Indicates  an  Inadvertent  bending  moment,  caused  by  th*  eccentricity  of  th*  neutral  aid*  In  th*  sample.  It  could 
not  even  be  prevented  by  th*  Introduction  of  an  antibuckling  device  /V, 

Th*  Influence  of  eccentricity  and  bending  also  expresses  Itself  In  a  movement  of  th*  boh*.  This  Is  demonstrated  by  a  pointer  which  Is 
connected  to  th*  boh  In  an  extension  of  Its  axis  (see  fig.  4).  This  unexpected  deformation  was  not  taken  into  account  in  the  design  of  thv 
sample  geometry.  Th*  additional  flexibility  of  th*  joint  leads  to  a  reduction  of  load  transfer. 


Tnt  Results 

Spec Immn  under  Comprwaa/on 

The  direct  consequence  of  this  sample  Insufficiency  was  an  early  failure  of  th*  samples  subject  to  compression  du*  to  th*  bending  load 
at  th*  transition  to  th*  thickening  of  th*  skin  laminate.  Therefore  no  statement  tor  load  transmission  under  compression  is  possible  (see 
flg.  5). 

Specimen  under  Tension 

The  evaluation  of  th*  tension  samples  does  not  permit  a  statement  with  reference  to  the  bearing  failure,  since  all  samples  failed  In  the 
bonded  area  of  th*  sldn  (see  Itg.  5).  This  result  corresponds  to  th*  new  conditions.  Th*  reduced  rigidity  of  the  joint  causes  a  reduction 
of  th*  load  transfer  of  approximately  50%  based  on  th*  evaluation  of  th*  strain  measurements.  Thus  the  bearing  loads  era  reduced  by 
also  50%.  th*  by-bass-loads  however  Increase  by  approximately  11%  (see  flg.  5).  Therefor*  th*  bearing  stresses  reach  an  uncritical  le¬ 
vel.  while  the  notch  stresses  rise  to  a  critical  level. 

Th*  obtained  test  data  confirm  th*  experiences,  which  were  obtained  bom  standard  notched  test  specimen,  showing  the!  th*  rupture 
loads  increase  with  increasing  test  temperature.  The  worst  case  proved  to  be  at  -55  C  test  temperature.  It  Is  notable  that  th*  failure  toad 
at  high  temperature*  and  with  conditioned  specimen  does  not  decrease  mere  clearly  despite  th*  proximity  to  tha  glass  transition  tempe¬ 
rature  T-G  -  135*0  (flg.  7). 


Joint  between  Skin  and  Riba  under  Tank  Pnaaure  Load 


Introduction 

The  torque  box  is  loaded  by  tank  pressure  (flg.  5).  Du*  to  th*  small  airfoil  curvature  the  tank  pressure  has  to  be  transferred  primarily  by 
bending  and  shear  from  the  skins  to  th*  ribs;  th*  rib*  balance  th*  loads  bom  th*  upper  and  lower  shells  For  stringer  stiffened  sheila  a 
girder  grid  can  be  used  as  a  model  tor  tho  load  transmission  behavior  (flg.  9). This  mean*  that  a  continuous  strip  of  tha  sldn  transfers  th* 
tank  pressure  to  th*  stringer  profile*  which  on  their  own  are  continuous  bending  members  and  transfer  the  proportional  load  to  th*  ribs. 
Depending  on  th*  Held  between  two  neighbouring  rib*  and  frames  the  connection  forces  of  a  stringer  vary  between  250  and  750  daN. 

Thess  load*  must  be  transferred  through  th*  joint  between  sldn  and  rib  by  riveting.  On  the  on*  hand  th*  bolts  are  subject  to  tension,  on 
th*  other  hand  th*  laminate  must  have  sufficient  strength  to  prevent  th*  pulling-thiough  of  th*  bolt. 


T**t  Performance 

An  extensive  test  programme  was  performed  tor  relevant  combinations  of  bolt  and  laminate  types  (flg  10)  with  th*  goals  to  determine 

•  Influence  of  liber  material  and  bolt  type 

•  temperature  and  ageing  Influence 

•  typical  failure  mode* 

•  manufacturing  Influence 

•  design  recommendations 

•  design  allowables 

For  th*  basic  Investigations  which  were  Intended  only  to  derive  tendencies  th*  number  of  samples  was  held  deliberately  small.  On  the 
cflher  hand  th*  design  allowables  were  determined  bom  th*  hardest  test  conditions  bom  fl  samples  each  of  2  batches  with  a  statistic 
security  sufficient  for  this  research  programme. 
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T«rt  FadHty  and  Yu«t  tpadman 

T?1*  *****  **f*  *b<n*d  out  with  timpl*  AM  t«t  *p*dm*n  hr  three  different  boh  typo*  ■  screw  bolt,  ***llng  *erew,  took  boR  rtvM.  Th* 
i?*™"*"  w*  S***1*41  on  th*  •««  di«nt*t*r,  on  th*  rivot  pattern  n  wall  ai  on  th*  hang*  width  of  th*  riba;  th*  iambi*  thlcfamt*  d*- 
pand*  of  th*  bolt  diameter,  Inaai  w  a*  a  minimum  on  tha  bolt  shank  thou  Id  II*  In  th*  lamlnat*  (*g.  11710, 

T*at  RmuHp 

hahirtng  to  tha  criteria*  mentioned  abov*  th*  ratultt  ara  commented  In  th*  hi  lowing. 


In  ltg.1t  th*  r**ulta  of  thro*  different  umpf*a  again*!  th*  *nvlronm*ntal  eondltloni  am  pr***nt*d.  Th***  sample*  ar*  manufactured 
horn  Cod*  H  with  40  %  pr*pr*g  main  content  and  Flbartt*  in  with  40%  or  34%  prepreg  main  content*. 

Hi*  companion  b*tw**n  tampl**  horn  th*  r**ln  *ytt*m  Flberlfa  071  with  th*  two  pr*pr*g  re*ln  content*  a  hows  practically  no  d'lferenc* 
In  th*  r**ulta;  Maadlng  off  axcettlv*  r**ln  at  th*  40%-*y*tt<n  yield*  a  twin  content  In  th*  cur*d  lamlnat*  wiilch  It  tlmllar  to  th*  on*  In 
tti*  34%-pr*pr*g.  A  comparison  b*tw*«n  th*  ratln  system*  Cod*  M  and  Flbertfa  thowt  illght  advantage*  hr  Cod*  S3  with  th*  excap- 
tlon  of  th*  t**t  t*mp*ratur*  -33%.  Th*  moat  critical  condition  In  th*  tame*  »p*ctrum  proved  to  be  th*  t**t  temperature  70%  with  condi¬ 
tioned  tampl**;  thlt  can  be  explain**  with  th*  !arg«r  flexibility  and  th*  reduced  thaar  atrength  at  high  temperature*  and  with  condltfo- 
n*d  samples. 


fnfhmnc*  of  feoff  typ*a  and  famfnaf*  thklmaa 

The  lnflu*nc*  of  th*  bolt  type  -  acre  wed  rivet,  scaling  tcrew  -  It  not  very  marked  d**plt*  th*  char  difference*  In  th*  thaping  of  th*  rivet 
head*  (Itg.  13);  in  tendency  th*  tcrewed  rivet  appear*  to  b*  more  favorable. 

ffatfur*  Mod** 

A  compariaon  of  the  t**t  re*ultt  hr  tcrewed  rivet*  of  the  4  and  3  mm  dlamatar  In  different  lamlnat*  ttitckn*****  (Itg.  14)  thowt  tom*  che- 
racteriatlc  dHhrenc**. 

Th*  failure  takm  phot  by  dalamlnatlon*  between  th*  Individual  pit**,  ttartlng  at  th*  wall*  of  th*  bolt  hot**,  comparable  to  th*  thear  fai¬ 
lure  of  a  abort  cantilever  beam.  Often  th*  dalamlnatlon*  Mart  at  th*  tranaltion  bom  th*  cone-thaped  to  th*  cylindrical  part  of  th*  drilling. 
Comparing  th*  teat  reauttt  of  apedmeni  with  th*  tarn*  diameter  th*  lamlnat*  thiekn***  I*  of  ma|or  Influence,  especially  th*  thlcknemm  In 
th*  cylindrical  part  of  th*  drilling.  Th*  load  bearing  capacity  d*cr*a*e*  with  itoereatlng  lamlnat*  thickneea.  This  It  In  particular  true  far 
th*  thinned  2.135  mm  tampl*  where  after  th*  flrit  crack  a  pull-through  of  th*  bolt  could  be  observed.  After  that  th*  load  could  Mill  be 
Incraaaad  but  to  an  Insufltcfant  level.  With  thi*  aampt*  practically  no  Influence  bom  environment  condition*  I*  recognizable  due  to  th* 
failure  mod*. 


Manufacturing  fnffuenc* 

The  hatura*  mentioned  her*  are  enhanced  by  th*  result*  of  tampl**  with  defective  drilling*  or  th*  on*  hand  and  with  drilling*  after  «*- 
cond  treatment  on  th*  other  hand.  In  each  cat*  compared  with  Intact  drilling*  (Ilg.lS).  Th*  pull-through  Mrength  It  r*duc*d  aubitantlalty 
with  detective  drilling*  du*  to  th*  roughneta  or  th*  overtizt  in  th*  countersink;  additionally  treated  drilling*  do  not  reach  pull-through 
Mrength  of  Intact  tampl** 


Daalgn  recommendation*  and  dmalgn  aMombtoa 

In  principal  there  ar*  th*  thru*  failure  mode* 


-lamlnM*  alwar  failure 
-rivet  head  pull-in 
-bolt  thear-off 

Balt  thear-off  never  occuied  and  It  thut  uncritical.  Th*  ftrtt  two  failure  mod**  hav*  to  b*  taken  car*  of  by  aultabla  choice  of  rivet  dia¬ 
meter  and  laminate  thickness. 

Th*  failure  load  for  thear  failure  can  fairly  reliably  be  determined  by  the  formula 

f  -n*a/2*TILg*Axt 

PuIMn  of  th*  bolt  can  b*  prevented  by  a  tuffleient  thlcknea*  of  th*  cylindrical  part  of  th*  drilling.  Following  th*  experience  of  this  pro¬ 
gramme  thlt  can  be  achieved  by  fulfilling  th*  following  relMlon; 

1  <  d/t  <  1.3 

0.2  <  (t  -  Byt  with  t  A  0.3  mm 

Flg.13  Hat*  th*  design  allowable*  for  th*  bolt  type*  and  lamlnat**  uaad  lor  th*  CFRP  wing.  Finally  It  should  b*  mentioned  that  far  alumi¬ 
num  allay*  with  comparable  dlmtntlona  th*  bolt  pull-through  value*  ar*  much  higher  -  up  to  factor  2  •  than  th*  valu**  found  here. 

Thlt  daalgn  phlloaophy  wa*  realized  and  proved  In  *  larger  tank  box  which  wa*  fatted  M  th*  DFVLR  under  tank  praatur*  and  comprea- 
slon  and  fanalon  slfamstlvetv  131. 

Joint s  bdtw—n  CFRP-SUno  and  Al- Fitting* 

Baatc  investigation*  hav*  been  performed  In  order  to  evaluate  expen  mentally  and  th*o  Mlcally  th*  dlitrlbution  of  ah  tar  force*  of  multi 
row  bolted  fainfa/4/.  Figure  17  ihow*  th*  connection  between  th*  real  p*n*t-  fMtlng-ietnt  and  th*  t**t  tpeamtn 

Three  type*  of  tpedment  of  a  doubt*  lap  faint  hav*  b**n  d*hr>*d: 


Typ* 

Th 

Lamlnat* 

cfcn*** 

AFetrips 

i 

conatant 

constant 

conMant 

conical 

conical 

conical 

Material 

Layup 

Th  leanest 

Application 

CA/O4P/A0F 

mm 

Typ*  of  spar- 

Tloo 

47/47/A 

t.4 

1.11 

coda  M 

2VKV2S 

1,0 

1.  HI 

to  tour  configuration*  war*  available  wflh  at  least  three  apadmana  In  each  eaaa.  For  aaeti  « pad  man  Ova  boll*  maximum  war*  provided. 

ahoata  tha  type*  of  apadmana  and  th*  arrangement  of  atraln  gauge*  Th*  bolt  diameter  and  ttva  dlatanca  between  two  nelgtibortng 
bolt*  war*  aqual  In  all  eaaa*.  wttn  that  the  remaining  paramatar*  ware: 

bolt  number 
bolt  At 

bolt  praatraaaing 
laminate  layup 

Flrat  of  all  two  apadmana  of  type  1.1  and  I.X  reap,  war*  taatad  In  order  to  atudy  tba  InAuanea*  of  fit  and  praatraaaing.  Finally  aom*  apaci- 
man*  war*  loaded  In  tanalon  up  to  failure. 

All  taata  war*  partormad  at  normal  humidity  and  room  temperature. 

The  experimental  reault*  war*  compand  with  theoretical  dlatributtona  of  ahaar  tore**,  evaluated  by  Anita  element  method  and  a  rod  mo¬ 
dal  at  wall. 


Test  performance 

Exapt  tor  the  rupture  teat*,  the  load  waa  limited  to  30  KN  In  order  to  avoid  prematura  damage.  The  teat*  warn  always  darted  with  ttva 
bolta  and  repealed  with  four  and  threa  bolts  respectively.  Tha  normal  forces  In  the  Al-atrtpt  between  every  two  bolts  were  evaluated  by 
Integrating  tha  strains  manured  In  tha  upper  Al-atrtp: 

FB  -  JE*(y)t  dy  -  f  *  Et  (Nil)  £*, 

Tha  factor  t  hat  bean  deAned  at 

a.Q.  f  “  («ae  +  *jg)/**K  (»•«#  1®)  a  t  e. 

to  correct  any  unavoldabla  banding  aflects.  Tha  ahaar  force*  result  from  tha  did* ranees  of  the  normal  fores*  in  the  Al-atrtp*  on  both  ai¬ 
ds*  of  each  bolt.  These  valuae  ware  related  to  tha  overall  tension  load  tor  batter  companion  of  tha  results. 


First  teats  on  two  specimens 

Two  apadmana  of  type  1.1  and  1.2  respectively  wars  tasted  Aral  In  order  to  study  tha  influence  of  At  and  preetroealng  of  tha  bolt*.  At  tha 
beginning  tha  At  which  had  bean  choaan  was 

H11/I7  i.a.  137.1  tin  Marines 

and  tha  titanium  baht  ware  not  prestressed. 

Variation  of  fit 

The  flrat  raeutte  did  not  Indicate  any  parabolic  distribution  of  the  ahaar  fore**  a*  they  had  been  axpecttd  to  be.  So  all  holaa  war*  mea¬ 
sured  and  ataal  bolt*  (IIS  Cr  V3)  ware  manufactured  In  such  a  manner  that  tha  At* 

HS/T7  I.*..  13  ./.  SOp  Marine* 

HT/hA  I.*..  0  24p  Marine* 

could  t>*  realized  Flg.20  shows  that  the  Influence  of  the  At  I*  small  (tha  change  of  bolt  material  proved  to  Jo  without  any  Important  influ¬ 
ence  too). 

Inthmnea  et  praatraaaing 

Thereupon  the  botta  wars  praetratsad  by  a  torque  or  12  Nm.  and  tha  tests  war*  repeated.  Flg.21  showi  the  results  with  and  without  pre- 
straaalng  forth*  sam*  epadman:  Thar*  can  b*  taan  claarty  a  parabolic  ahaar  tore*  distribution. 

Inttuanco  of  tha  laminate  layup 

Flg.22  ahowa  tha  shear  force  distribution  oi  several  apadmana  of  typ*  1.1  and  1.2  rtspadlvaly  (main  valuas).  Tha  At  and  tha  tightening 
torque  war*  the  tarn*  in  all  eaaa*.  Tha  Influence  of  tha  lamlnat*  layup  proved  to  b*  small. 


Taste  on  all  opochnono 

Th*  further  test*  on  all  apadmana  war*  partormad  under  the  asm*  condition*  with  regard  to  At  and  praatraaaing.  Flg.2S  ahowa  tha  mean 
valuaa  of  all  measurements  -it  30  KN  and  th*  curve*  anvatoptng  all  that*  distributions  as  wall.  Tha  bandwidth  indudlng  th*  tpadman 
geometry  **  well  at  th*  two  lamlnat**  la  between  3%  and  9%  of  th*  relative  shear  forces . 

Comparison  of  theory  wtth  experiment 

Baalda*  tha  Investigation  of  ahaar  tee*  distribution  by  taata,  comparisons  with  theoretical  predictions  have  bean  dona,  that  Is  pradldlon 
by  means  of 

•  Unit*  alamant  modal 

•  rod-modal 
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Mn/to  e/amprit  mod*/ 

A  Unit*  element  model  was  bulk  up  tor  the  type  1.1  aped  men.  The  Rret  calculation*  were  tented  out  with  the  eaaumptton  of  rigid  botte. 

Subsequently  the  botte  were  modeled  by  membrene  etemente  with  dlfferenttetton  between  the  toed  centring  end  the  non  toed  cerrtng 
aide  of  the  botte.  Thie  model  wet  applied  to  a  specimen  with  Rye  botte.  There  were  only  email  devtettona  compered  with  the  eeeumptton 
0/  rigid  botte.  The  result  are  ahown  In  Flg.14 

Rod  mod*/ 

Thlt  one-dlmentlonal  model  Inscribes  the  compatibility  between  the  deformed  member*  of  e  joint  within  the  dlttanee  of  every  two  botte 
lit.  In  the  caea  of  n  botte  thlt  leadt  to  n-1  compatibility  eguattona  end  one  equlllblum  equation,  for  a  double  lap  bolted  Joint  thlt  can  be 
written  at 


■ 

*  ■ 

►  ' 

^«,n 

• 

N« 

B 

CL,» 

-a-tr 

x: 

xs-- 

L  J 

with 

C_  -complia  neat  of  the  member*  of  the  Joint 
C,  „  -compliance*  of  the  laminate  only 
tc  normal  force*  In  each  of  the  two  Ahetripe 
F  -applied  total  force 

Thlt  eyatem  of  equation*  can  be  eolved  tor  the  unknown  force*  Nm.  The  boh  tore**  will  be  received  out  of  the  dttlerence  of  the  force* 
Nm 

Becaute  of  the  difficulty  to  eetlmate  the  bolt  oompllanee*  Co,  the  wellknown  compUancet  of  the  Al-etrip*  and  of  the  laminate  were  Intro¬ 
duced  Into  the  equation*  for  a  three-boR-joint  of  type  1.1  at  dell  a*  the  measured  tore**  In  the  AMripe.  These  equation*  were  eolved  tor 
the  unknown  values  Cg  n  (n  - 1.1.1).  The  mean  value  wet 

Cg  ■  1.1  *  10"®  mm/N  (steel  bolta) 

This  value  wet  kept  constant  for  all  the  bolts  In  re-calculeting  all  test  specimen*  For  comparison  with  the  F£M  calculation  the  result*  tor 
type  1.1  specimen  are  figured  In  Fig  **  too  Thlt  figure  alto  contain*  the  bandwidth  of  the  test  result*  out  of  llg.13.  The  correspondence  It 
satisfactory. 


Rupture  toots 

Some  specimens  were  loaded  up  to  rupture,  which  always  occured  In  the  laminate,  that  Is  In  the  plane  of  the  llrst  bolt.  The  remaining 
peris  war*  joined  once  mace  by  two  bolts  (holes  4  end  3  of  the  laminate  to  holes  1  and  2  of  the  A  I- strips).  These  addRional  specimens 
were  also  tasted  at  30  KN  and  at  about  SO  KN  before  being  loaded  up  to  rupture  The  relative  shear  tore**  ere  listed  In  tlg.23 

When  the  load  Increases,  the  shear  force  distribution  becomes  more  well  balanced:  the  force  transferred  by  the  first  bolt  decreeses  wMfo 
the  share  of  the  last  on*  icreate*.  In  the  cate  Of  two  bolts  only,  the  Mat  bolt  even  tranfors  the  higher  toed. 

Figured  shows  the  ultimate  toads  ©.'  all  the  rupture  teat*  The  street  concentration  lector*  likewise  being  Included  In  thlt  figure  group 
around  two  mean  values:  the  larger  one  (o  -  1.13)  characterize*  the  orihotroplc  laminate,  while  the  smaller  value  (a  -  1.31)  belongs  to 
the  quasMsotropic  laminate. 


Cond  talon 

In  the  beginning  the  test*  led  to  shear  force  distributions  which  were  Insattsfectory  and  In  part  hardly  interpretabl*.  Only  the  prestresslng 
of  the  bon*  led  to  the  parabolic  distribution  that  had  been  expected  All  tests  unter  the  condition  of  a  tightening  torque  of  12  Nm  and  the 
oott  fit  H1/T7  provided  the  following  results: 

•  The  Influence  of  specimen  geometry  a*  well  as  of  the  laminate  layup  Is  small 

•  With  increasing  number  of  bolts  the  shear  force  transferred  by  each  of  the  middle  bolts  decreases.  At  the  tame  time  there  It  a  toad 
reduction  of  the  two  outer  holts. 

•  At  a  moderate  load  level  (l.e.  linear  strains)  there  Is  a  satisfactory  correspondence  between  tests  and  theory.  At  thlt  level  H  It  al¬ 
ways  the  first  bon  that  transfer*  the  highest  load. 


All  types  of 

ssasai 

specimen 

2 

30-31 

3 

43-41 

Moderate 

41-47 

load  level  (30KN) 

40-44 

•  In  approaching  the  ultimate  toed  the  shear  force  distribution  become*  more  balanced  with  decreasing  load  transfer  of  the  flrtt  bolt 
and  Increasing  toed  transfer  of  the  last  on*.  In  the  cae*  of  two  bolts  only,  the  last  bolt  even  transfers  the  higher  toad 
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Fig.  2  Typical  Joints  at  the  Wing  Structure 
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Fig  10  Pansl-Rlb-Joint 

Specimen  Scbodul# 
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Load  Moduodan  Geer 
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Fig. 11  Panel-Rib-Joint 

Testequipment  and  Sreclmen  Geometry 
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Fig. 13  Panel-Rlb-Joint 

Comparison  of  Test  Results  for  Sealing 
Screw  and  Screwed  Rivet 


Fig. 12  Panel-Rlb-Jolnt 

Influence  of  Resin-Systems  with  Different 
Test  Specimens  versus  Test  Conditions 
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MX SB  AU  POINT  D' ELEMENTS  DB 

FIXATION  SPEC I PIQUES  POUR  ASSEMBLAGES  DBS 

STRUCTURES  COMPOSITES 

par  Monsieur  LOUIS  Raymond  -  SERVICE  TECHNIQUE  DBS  PROGRAMMES 
ABRONAUTXQUES 

4,  Avanua  da  la  Porta  d’lasy  -  75015  PARIS  -  FRANCE 

RESUME 

La  r4alisation  dea  assemblages  en  mat4riaux  composites  doit  tenir 

compte  des  singularity  inh4rentes  a  la  nature  des  mat&riaux 

utilises,  par  example*  le  d4laminage,  1 ' endommagement  par  choc 

et/ou  gonflement,  la  corrosion  galvanigue  etc... 

Plusiaurs  actions  ont  6t4  entreprises  pour  mettre  au  point  des 

4l4ments  da  fixation  sp4cifiques  susceptibles  de  limiter  certains 

das  probl4mes  rencontres  dans  ces  assemblages.  Elies  concernent  i 
-  le  d4veloppement  d'un  rivet  semi-tubulaire  "anti-peeling"  en 

titans  T.40  pour  structures  "non  travaillantes" .  Sa  g4om4trie  et 

ees  caract4riatiques  permettent  une  pose  facile  tout  en  m4nageant 

„es  mat4riaux  assembles. 


-  la  rtalisation  d'*crous  an  caga  intercheangeablea  fix6s  par 
collaga  par  1* intermtdiaire  d'una  bande  an  fibre  de  verre.  Les 
avantagaa  sont  d'dviter  la  pargage  multiple  et  le  rivetage,  comme 
pour  lea  bandea  d'icrous  priaonniers  classiques,  de  s'  adapter  & 
des  profils  complexes  et  de  permettre  le  remplacement  ais6  des 
tcrous . 

-  la  modification  de  fixation  existantes  (vis  et  rivets 
structuraux)  afin  d'am&liorer  les  caract6ristiques  m4caniques  des 
assemblages.  En  particulier  la  variation  de  1* angle  de  tSte  de 
100°  a  130  "permet  un  gain  sur  la  tenue  en  cisaillement  et  en 
fatigue  des  assemblages. 

L' utilisation  d'6l6ments  de  fixation  claaaiquea  pour 
l* assemblage  des  C.F.R.C.  a  r4v4l4,  dans  les  conditions 
habituelle3  de  fabrication  un  certain  nombre  de  difficult4s  li4es 
4  la  ap4cificit4  des  mat4riaux  composites. 

-  d4laminage  des  fibres,  limitant  les  montages  serr4s  ; 

-  endommagement  dfl  au  choc  eu/ou  au  gonf lament,  ce  qui 
rend  dilicat  1 • uti lisation  de  rivets  ; 

-  corrosion  galvanique,  ce  qui  implique  un  choix  de 
mat4riaux  non  corrodables  par  le  composite  carbone 


(titane  ou  aciers  inoxydables)  ; 


90 


-  conductivity  Alectriqua  et  dilatation  thermique 
dif f Arentielle. 

Afin  de  risoudre  certains  de  ces  problAmes,  la  Service  Technique 
dee  Programmes  AAronautiquea  a  pilots  plusieurs  Atudes 
ponctuelles  destinies  A  mettre  au  point  des  Aliments  de  fixation 
spAcifiques  pour  1* assemblage  des  composites  carbone-rAsine 
susceptibles  de  remidier,  dans  certains  caa,  aux  difficultAs 
rencontrAes. 

Parmi  ces  Atudes,  nous  citerons  t 

-  le  dAveloppement  d'un  rivet  semi-tubulaire 
“anti-peeling"  en  titane  T-40  pour  structures  non 
travaillantes  ; 

-  la  rAalisation  d'Acrous  en  cage  interchangeables 
fixAs  par  collage  par  1 ' intermidiaire  d'une  bande  en 
fibre  de  verre  ; 

-  la  modification  de  fixations  existantes  (vis  et 
rivets  structuraux ) . 

1.  -  RIVET  SEMI  TUBULAIRE  "ANTI-PEELING" 

II  s'agissait  de  dAfinir  un  rivet  utilisA  au  niveau  des 
assemblages  considArAs  comme  non-travai Hants  et  ayant  pour  rdle 
essential  un  effet  anti-peeling  (figure  1). 
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FIG.  1  t  Examples  d‘ utilisation 

L«  rivet  devait  ripondre  en  particulier  aux  imperatifs 
Buivants  j 

ne  pas  ditiriorer  le  composite  au  coura  de  la  pose  du 
rivet, 

-  avoir  une  bonne  tenue  en  corrosion  galvanique, 
et  8a  g6om6trie  devait  permettre  s 

-  une  m3  me  forme  d'usinage  de  chaque  c6t4  des  elements 
a  assembler  (fraisure), 

-  une  plage  de  aerrage  de  1  mm  environ, 

-  une  resistance  m6canique  suffisante, 

-  une  pose  sans  gonf lament  du  rivet. 

Definition 

Tj*  •**’■  ***  choisi  en  fonction  de  sa  bonne  tenue  en 

corrosion  galvanique  par  rapport  aux  composites  carbone- resine 


eat  le  titan*  T-40,  materiau  deformable  4  froid. 
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La  gioaitrie  du  rivet  event  poaa  aat  donnie  par  la  flgura  2. 


C'aat  un  rivat  tite  fraisie  100*,  hautaur  riduite,  qui 
pr4senta  deux  partlcularit4a  t 

-  un  trou  borgne  conique,  d' angle  au  sommet  20* •  situ4 
c6t4  t4ta  4  former, 

-  une  gorge  p4riph4rlqua  sur  la  surface  ext4rieure  de 
la  tige  au  niveau  de  la  partie  tubulaire. 

L'4videment,c6t4  cite  4  former,  permet  de  diainuer  1' effort 
de  pose. 

La  gorge  circulaire  a  deux  fonctions  j 

-  protiger  1' angle  de  raccordeaent  entre  la  fraisure  et 
I'alisage  du  trou  de  rivet, 

-  diterminer  la  plage  de  serrage  du  rivat. 

Da  plus  la  prisenca  siaultaniede  la  gorge  et  du  pergage 
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coniqua  a  pour  avantage  da  crdar  una  toila  da  aoindra  dpaiaaaur 
parmattant  da  localisar  la  pliaga  lora  da  la  formation  da  la 
aaconda  tdta. 

Caractdriatjquaa 

caractdriatiquaa  prdaantdaa  ci-aprda  concarnant  laa 
rdaultata  d'aasais  affactuda  aur  daa  rivata  da  diaadtra  nominal  ■ 

4  aa. 

Caractdrlatiquaa  da  poaa  du  rivat 

La  poaa  du  rivat  aat  facilitda  par  * 

“  in  granda  toldranca  da  la  plaga  da  aarraga  (laa), 

”  In  granda  plaga  da  praaaion  da  poaa  (  +  100  daN) 

-  la  gdoadtria  particulidra  da  la  boutarolla  (figura  3) 
ndaptda  d  calla  du  rivat  at  qui  paraat  la  poaa  sana 
pratiquaaant  aucun  gonflaaant  du  rivet. 


FIG. 3  i  Profil  da  la  boutarolla 


*-7 

A  noter  qua  pour  aider  A  la  formation  da  la  aaoonda  tita  du 
rivat  il  aat  raeoaaandA  da  raoouvrir  laa  rivata  d'un  lubrifiant 
(alcool  cAthylique  ou  biaulfure  da  aolybdAne). 

Praaalon  da  poaa  -  Laa  aaaaia  da  poaa  ont  At*  effectuAa  auivant 
una  gaaaa  da  praaalon  allant  da  700  A  1100  daH. 

On  conatata  una  bonne  poaa  daa  rivata  aana  dAtArioration  daa 
aatAriaux  coapoaitaa,  coaaa  la  nontrant  aur  coupaa  aicrogra- 
pbiquaa  laa  figuraa  4-5-6  at  7  (aaula  daa  dAfauta  d'uainaga  du 
composite  avant  poaa  aont  viaiblaa). 


•  1000  daN 
■  5,1m 


i 


prassion 

spaissaur 


-  press ion  »  1000  daN 

-  spaissaur  ■  (,1  u 


Suita  4  cas  assail,  la  prassion  da  posa  ratanua  ast  da  t 


900  daN  +  100  daH. 


Plaga  da  sarraga  -  La  dttaraination  da  la  plaga  da  aarraga 
risulte  d'aaaais  da  poaa  affactuts,  sous  una  prassion  da  900  daN, 
sur  das  aasaablagas  dont  l'ipaissaur  variait  de  5,3  4  6,6  am  soit 
una  plaga  da  sarraga  da  1,3  an  (figures  8-9-10  at  11). 

Las  rtaultats  sont  satisfaisants  pour  las  quatre  4paisseurs, 
tant  sur  la  plan  da  l'accostaga  qua  sur  calui  da  1 ' andoamagaaant 
du  matiriau  composite. 


MO. 8  t  4paiaa*ur  ■  5,3aa 


FIG. 9  i  4paissaur  ■  5*5  mb 


Afin  d' assurer  dans  toua  las  cas  une  poae  corracta  du  rivat, 
la  plaga  da  serrage  a  4t4  Cix4e  4  1  bub. 

Cacl  paraat  an  outra  da  d4finir  das  rivats  dont  l'4paisaaur 
standard  da  posa  est  an  aillimdtrss  (par  axaaple  4  -  5  ou  6  an). 
Caract4riatlquaa  a4caniquaa 

Das  assais  da  traction  at  da  cisaillaaant  ont  4t4  r4alis4s 
aur  das  plaquattas  assaabl4aa  d'4paiaaaur  dita  faibla,  aoyanne  at 
forts,  corraspondant  dans  la  cas  pr4sant  4  una  4paissaur  totals 


da  5*3  -  6  at  8,6 


L'4prouvatte  do  traction  cat  d4finie  figure  12.  L'4prouvette 


do  claaillooant  oat  uno  4prouvette  do  ciaaillooont  aiaplo  4  2 
rivoto. 


MQ.12  i  Eprouvette  do  traction 
Lea  caroct4r iatiquoa  proproa  du  rivet  aont  d4ternin4ea  aur 
doa  4prouvettoa  ccnatitu4oa  do  deux  tdlaa  on  2017  K. 

Loa  rdaultata  obtonua  aont  donn4a  dans  le  tableau  I. 


CHARGE  D£  RUPTURE  (daN) 


ERMSSEUR  DES 
EPROUVETTES 


TRACTION  IB  CISAILLEMENT 


MINI  I  MAXI  |  MINI  |  MAXI 


FABLE  .  5,3mm  I  250  gj  285  I  80S  I  940 


MOYENNE  .  8mm  1  220  I  238  |  795  |  850 


FORTE  .  6,6mm  I  «2  I  192  I  750  |  778 


TABLEAU  I 


De  ces  r6sultats  on  peut  assurer  comme  caract^r istiques  du 


rivet  les  valours  suivantes  t 


-  charge  de  rupture  en  traction 


150  daN, 


-  charge  de  rupture  en  ci  sail  lenient  *  350  daN. 


Les  caract6ristiques  de  1* assemblage  composite  sont 


d6termin6es  sur  des  4prouvettes  en  composite  carbone  T300-414 


d'dpaisseur  2,4  mm. 


Les  r6sultats  obtenus  sont  donn6s  dans  le  tableau  II. 
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CHARGE  DE  RUPTURE  (daN) 

TRACTION 

|  CISAILLEMENT 

EMISSEUR  DES 
EPROUVETTES 

Mill 

MAXI 

MINI 

MAXI 

FABLE  «  5,3mm 

202 

756 

790 

MOYENNE  .  6mm 

176 

182 

720 

732 

FORTE  >  6,6mm 

148 

156 

570 

596 

TABLEAU  II 

Les  valeurs  d'essais  dependent  dans  ce  cas  de  la  tenue  du 
composite  et  non  des  rivets  et  on  peut  assurer  comme  valeurs 
limites  s 

-  charge  de  rupture  en  traction  ■  110  daN 

-  charge  de  rupture  en  cisaillement.  ■  260  daN. 

A  noter  que  le  cisaillement  dans  1 ' assemblage  n'est  pas  un 
cisaillement  pur  mais  un  compromis  entre  cisaillement  et 
d6boutonnage . 

Paralldlement  4  l'6tude  du  rivet,  les  outillages  de  pose  ont 
6t6  d6finis  afin  de  verifier  la  faisabilit6  des  assemblages . 

L ' operation  la  plus  importante  est  le  centrage  de  la  bouterolle 
de  fagon  4  6viter  que  celle-ci  endommage  le  mat6riau  composite. 


La  posa  peut  se  faire  soit  t 


-  au  C6  avec  un  v6rin  &  double  effet  t 

-  avance  sous  faible  presslon  pour  centrage, 

-  d6clenchement  de  la  presslon  de  pose  lore  du 
contact . 

-  avec  un  vSrln  4  simple  effet  et  une  pi4ce  d£sattel£e 
permettant  un  centrage  manual  avant  la  mise  en 
pression . 

Les  rivets  pr4sentent  d' autre  part  une  trds  grande  facility 
de  depose  4  condition  d'&viter  la  rotation  du  rivet.  A  cet  effet 
un  outillage  sp&cifique  a  6t6  congu. 

La  gamme  de  rivets  propos6e  comprend  : 

-  les  diamdtres  3,2  -  4  -  4,6  et  5,6  mm,  pour  des 
longueurs  de  serrage  comprises  entre  4  et  25  mm, 

-  Ips  diam4tres  4/32  -  5/32  -  6/32  “  7/ 32  d'inch  pour 
des  longueurs  de  serrage  comprises  entre  5/32  et  1 
inch  . 

L'itude  a  permis  la  mise  au  point  d'un  rivet  gui  convient 
bien  4  1' assemblage  des  composites.  Les  caract6ristiques 
m6caniques  obtenues  montrent  que  c'est  le  composite  qui 


dimensionne  ces  derniires. 
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La  posa  du  rivet  eat  extrSmement  ais6e  et  surtout  celui-ci 
remplit  parfaitement  son  r6le  en  m4nageant  lea  mat6riaux  dans 
lesquels  ii  eat  pos4. 

2.  -  ECROUS  EN  CAGE  INTERCHANGEABLES  FIXES  PAR  COLLAGE  PAR 

L' INTERMEDIAIRE  D'UNE  BANDE  EN  FIBRE  PE  VERRE 

L* utilisation  sur  structures  composites  des  4crous  "non 
d4montables"  classiques  (bandes  a  4crous  prisonniers  et  4crous  4 
river). se  heurte,  compte  tenu  des  sp4cificit4s  des  mat4r:  vux 
composites,  aux  risques  suivants  t 

-  endommagemant  des  composites,  lors  de  la  mise  en  place  des 
fixations  (pergages  multiples  pour  les  trous  de  rivet  et 
pose  des  rivets), 

-  tenue  en  corrosion  galvanique  entre  les  4crous  et  les 
composites  carbone. 

Pour  y  rem4dier  il  fallait  d4finir  une  g4om4trie  de  pieces 
permettant  des  reprises  d' efforts  adapt4es  aux  composites 
carbone-r4sine  et  pr4voyant  un  dispositif  d'ecrous  d4montables 
dont  1' assemblage  sur  les  structures  soit  different  d'un  montage 
par  rivetage.  La  solution  adopt4e  est  la  mise  au  point  d'&crous 
en  cage  interchangeablea  maintenus  dans  une  bande  en  fibre  de 
verre.  Cette  possibility  concerne  aussi  les  4crous  isol4s 


9-15 


correspondent  aux  4crous  4  river  claseiques. 

Le  nouveau  syst4me  do  fixation  eat  constitui  de  plusieurs 
4l4aenta,  (voir  figure  13). 

-  un  support  an  fibre  de  verre  ins4rant  la  partie  cage  de 
l'4crou.  Cette  bands  de  fibre  de  verre,  tout  en  maintenant 
les  cages,  r4alise  en  a4ne  teaps  1' isolation  galvanique  de 
l'4crou  par  rapport  aux  composites  carbone  4  assembler. 

-  un  4crou,  soit  4  freinage  interne  par  d6formation 
elliptique,  soit  4lastique.  Dans  ce  dernier  cas  le 
freinage  se  fait  par  un  frein  plastique,  type  ESLOK  par 
example  (d4pdt  de  polyamide). 

-  un  clip  d6montable  permettant  le  maintien  de  l'6crou  dans 


la  cage. 
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L1 assemblage*  sur  lea  structures,  des  bandes  &  Acrous  ou  des 
Acrous  isolAs  se  fait  par  collage  du  support  en  fibre  de  verre 
sur  le  composite. 

Le  collage  doit  seulement  pouvoir  rApondre  aux  sollicita- 
tions  au  montage  ou  au  dAmontage  des  vis  dans  les  Acrous.  Par 
contra  il  ne  subit  pratiquement  aucune  contrainte  en  fonctlonnement . 

Le  systAme  de  fixation  dAveloppA  prAsente  les  avantages  suivants 

-  possibilitA,  A  parti r  d'un  mAme  produit  de  base,  de 
disposer  de  bandes  A  Acrous  multiples  ou  bien,  aprds 
dAcoupe  adAquate  de  la  bande,  d* Acrous  isolAs  ; 

-  la  bande  Atant  fixAe  par  collage,  les  opArations  de 
pergage  et  de  rivetage  sont  supprimAes,  Avitant  ainsi 

1 1 endonunmagement  Aventuel  des  composites  ; 

-  la  souplesse  de  la  bande  lui  permet  de  s' adapter  A 

des  profils  complexes.  Elle  peut  Agalement  sur  un  mAme 
plan  suivre.par  dAcoupe  appropriAe,  un  profil  quelconque 

-  le  maintien  des  Acrous  par  clips  facilite  le 
remplacement  d' Acrous  endommagAs,  mais  off re  en  plus 
la  possibilitA  de  monter  n' imports  quel  type  d'Acrou. 

Plusieurs  types  d'Acrou  sont  d'ailleurs  prAvus  pour  Aquiper 
les  bandes  t 


-  Acrous  Alastiques  en  alliage  d'aluminium  6082  anodisA, 


Acrous  ay ant  la  particularity  da  s'adaptar  aux  variations 
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Aventuelles  da  pretension  dans  las  assemblages.  Las  vis 
non ties  a vac  ces  icroua  sont  Aga lament  an  alliaga 
d' aluminium  (7075)  protAgAes  par  varnis  Apoxy  » 

-  Acrous  a  freinage  interne  par  deformation  elliptique,  4 
dAcoupe  allAgAe  t 

-  soit  an  acier  inoxydable  Z-6NCI25  (A286)  avec  dee 
vis  en  T-A6V  ou  en  aciers  inoxydab  .es, 

-  soit  en  acier  faiblement  alliA  25CD4,  lee  vis 
utilisAes  devant  dans  ce  cas  St re  elles-mAmes 
protAgAes  par  vernis. 

Tous  ces  Acrous  sont  A  chambrage  profond  afin  de  faciliter 
en  particulier  1* usage  de  vis  protAgAes  par  vernis  (sauf  le  file- 
tage ) . 

A  noter  que ,  lorsque  des  surfaces  non  planes  sont  A 
assembler,  ou  pour  Aviter  1‘utilisation  de  fixations  A  river  il 
eat  possible  d'utiliser  les  bandes  ou  les  Acrous  isolAs  pour  des 
assemblages  mixtes  ou  entiArement  mAtalliques. 

Les  bandes  peuvent  Stre  AquipAes  d' Acrous  de  : 

-  diamfetres  4-5-6  et  8  mm  en  filetage  MJ; 

-  diamfetres  10/32"  -  1/4"  -  5/16"  en  filetage  UNJF  32. 
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* 

La  bonne  tenue  k  la  corrosion  des  divers  types  de  fixation 
a  ete  verifies  par  des  essais  de  7S0  heures  au  brouillard  salin. 
Aucuno  corrosion  galvanique  n'a  ete  observes.  De  mftme  les  ecrous 
satisfont  aux  specifications  techniques  franqaise  (NFL  22500)  ou 
internationale  (ISO  DIS  5858). 

Les  ecrous  &  cage  interchangeables  doivent  aussi  rdpondre  A 
des  conditions  de  tenue  en  expulsion  et  k  l'arrachement  en 
torsion. 

Toutefois,  k  cause  de  1' operation  collage  des  bandes  sur 

les  structures  composites,  ces  caracteristiques  dependent  et  de 

la  fixation  elle-meme  et  de  son  implantation  sur  les  structures 

(nature  du  collage,  etc  ...).  Ces  caracteristiques  ne  peuvent 

done  €tre  ddfinies  qu'en  fonction  de  l'utilisation. 

3  -  MODIFICATION  DE  FIXATIONS  BXISTANTES  -  VIS  ET  RIVETS 
STROCTURAUX 

L'experience  acquise  avec  l'utilisation  d'eiements  de 
fixation  structuraux  "classiques"  dans  les  assemblages  composites 
carbone-rdsine  a  mis  en  evidence  la  ndeessite  de  modifier  la 
geometric  de  ces  fixations  pour  les  adapter  au  comportement  des 
materiaux  composites. 

Ces  modifications  ont  porte  principalement  sur  1' ameliora¬ 
tion  des  surfaces  d'appui,  I'objectif  etant  de  diminuer  les  pres- 


8 ions  de  matage  an  : 
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-  faisant  varier  1' angle  des  tdtea  fraisdes,  passage  de  100* 
gdndraleraent  utiliad  4  120*et  130* »  sur  les  vis  et  rivets 
type  SIi  (lock-bolt); 

-  augment ant  le  diamdtre  de  l'embase  sur  les  bagues  de  rivet 
SL. 

Sur  les  vis  et  rivets  SL  eux-mdmes,  Involution  de  1* angle 
de  fraisure,  de  100  4  130*,  augments  trds  sensiblement  les 
surfaces  de  matage.  Cette  augmentation  est  dgalement  importante  en 
faisant  varier  les  diamAtres  d'embase  des  bagues  de  rivets  SL. 

Les  tableaux  III  et  IV  donnent  guelgues  valeurs  relevdes  sur 
pi Aces. 
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TABLEAU  III  -  Vis  et  rivet  SL 
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TABLEAU  IV  t  Baque  de  rivet  SL 
revaluation  des  modifications  a  dtd  vdrifide  sur  la  tenue 
des  assemblages  au  niveau  des  caractdristiques  t 

-  d'endommagement  au  montage, 

-  de  ddboutonnage , 

-  de  cisaillement  simple  en  traction, 

-  de  fatigue. 

Corapte  tenu  des  dpaisseurs  des  matdriaux  composites  utilises 

i 

-  plaque  carbone  T  300  -  rdsine  5208  -  Apaisseur:3,83  A  4,05m 

-  28  plis, 

-  plaque  carbone  T  300  -  rdsine  914  -  €paisseur:3,74  A  3,84m 

-  30  plis, 


les  dldments  de  fixation  avaient  une  capacity  de  serrage  de  7,5  A 
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gndotaqement  au  aontiaa 

a 

Sur  coupes  micrograph iquea  on  conatate  qu'au  montage  11  n'y 
pratiquement  paa  da  rupturea  ou  da  ddcohdaiona  dangarauaaa  da  plia 
(figure a  14-15-16-17  at  18). 


Fraiaura  100* 


Fraiaura  130* 


FIG  i  14  at  15  -  VIS  NFL  5aat  at  dcrou. 

Coupla  da  aarraga  »  3,5  N.a 


Fraisure  100 


Fraisure  130 


Bague 


FI 


G  .  16-17  et  18  -  Rivets  SL 


La  dispositif  d 'mil  ast  tsau  du  taat  n*8  da  la  Norma 
MIL  sdt  1312.  II  s'agit  d'un  aeaai  da  traction  indiraota  par 
compression  (voir  dprouvatta  fig.  19).  La  composite  ntiliad  ast  la 
T  300-5208. 


FIG.  19  -  Eprouvette  de  ddboutonnage 
Lea  tableaux  V  et  VI  donnent  quelques  rdsultatd  d'esaaia.  Dans  ce 
caa  aeul  1* angle  de  tdte  a  4td  modi f 14. 


(1)  Interposition  sous  I'ecrou  ou  la  bague  d'une  rondelle  de  dia- 
mdtre  12  ran  dpaisaeur  1,2  mm  afin  de  pouvoir  relever  la  charge 
de  rupture  acceptde  par  la  modification  de  l'angle  de  t<te. 
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O'une  facon  g6n£rale  les  charges  de  rupture  support£es  sont 
sup6rieures  pour  les  fraisures  120  et  130°.  L' augmentation  des 
p6rt4es  sous  tfite  n6ce3site  de  modifier  dans  le  m6me  sens  celle  de 
Serous  et  des  bagues,  car  leur  dimensionnement  est  insuffisant. 
Cisaillement  blmple  en  traction 

L'gprouvette  d'essai  (figure  20)  est  issue  du  test  n°4  de  la 
Norme  MIL  -  SDT  1312.  I  I 


FIG.  20  -  Eprouvette  de  cisaillement 
Outre  la  charge  de  rupture  il  a  4galement  relev4  la 
p6n6tration  de  la  tSte  de  l'616ment  de  fixation  dans  le  composite 
au  fur  et  &  mesure  de  la  mont^e  en  charge. 

Les  tableaux  VII  et  VIII  donnent  guelgues  valeurs  de  charges 
de  rupture  obtenues  ainsi  gue  les  contraintes  ramen£es  &  la  section 
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ds  rupture  du  composite  SI  et  &  cells  des  fixations  S2»  Ces 
tableaux  et  les  courbes  ef fort-pdndtration  (figures  21  et  22) 
montrent  que  la  resistance  de  1' assemblage  est  aroeiiorde  par  l'uti 
lisation  de  fixations  A  fraisure  130°ou  120°. 
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TABLEAU  VII  -  Essai  de  cisaillement 


SystAme  vis-Acrou 


FIG  22  -  Courbes  effort  -  penetration 
Systfeme  rivet  SL-bague  sertie 

II  apparatt,  aux  essais  de  cisaillement  en  traction,  des  gains  sur 
la  tenue  en  charge  de  rupture  allant  de  9  &  13%. 


FIG  23  -  Eprouvette  de  fatigue 

Des  rdsultats  d'essais  sont  consignee  dans  les  tableaux  IX  et  X. 
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Fatigue 

L'dprouvette  d'essai  est  ddfinie  par  la  figure  23  et  lea 
essais  ont  dtd  effectuds  dans  les  conditions  suivantes  : 

-  charge  en  traction  ondulde  P  -  0,1  P, 

-  charge  dynamique  P  ■  65%  de  la  charge  de  rupture  maximale 
relevde  &  l'essai  de  cisaillement  simple, 

-  section  travaillante  du  composite  S  1  »  (L  -  2  D)e. 

L'essai  est  considdrd  comme  terming  lorsque  la  charge  dynami¬ 
que  P  chute  &  95%  de  sa  valeur  initiale  ou  lorsque  la  durde  de  vie 
atteint  500  000  cycles. 
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TABLEAU  IX  -  Essais  de  fatigue 

-  Systdme  vis-dcrou 

-  Eprouvettes  en  composite  T  300-914 


TABLEAU  X  -  Essais  de  fatigue 

SystAme  rivet  SL-bague  sertie 

Pratiquement  toutes  les  Aprouvettes  pArissent  par  penetration 
des  tStes  aprAs  ovalisation  des  fraisures,  quel  que  soit  le  type  de 
fixation,  son  diamAtre  et  la  contrainte  appliquee . 

Comme  pour  l'essai  de  cisaillement  en  traction  statique  la 
penetration  (p)  des  tStes  (mesurAe  en  fin  d'essai)  est  plus  faible 
avec  les  fraisures  120°et  130°(p  <  0,25  mm)  qu'avec  la  fraisure  A 
100°  (0,35  mm  <  p  <  0,7  mm). 

Les  durAes  de  vie  comparatives  montrent  nettement  1'intArAt 
d'augmenter  les  angles  des  t£tes  fraisAes.  Suivant  les  types  de 


fixation  essayAs  les  gains  obtenus  variant  de  40%  A  10  fois. 
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L'interdt,  en  particulier,  de  la  modification  de  1' angle  de 
fraiaure  des  fixations  sur  la  tenue  des  assemblages  est  demontree, 
II  apparait  ddj&  aux  essais  de  ddboutonnage  et  plus  nettement  aux 
essais  de  cisaillement,  mais  la  selection  est  indiscutable  avec  lea 
essais  de  fatigue. 

5  -  CONCLUSIONS 

La  realisation  d'dldments  de  fixation  spdcifiques  pour 
1' assemblage  des  structures  composites  permet  de  remddier  d'une 
fagon  plus  ou  moins  satisf aisante  aux  probldmes  rencontres  avec  les 
materiaux  composites  carbone- resine. 

Les  ameliorations  sont  sensibles  mais  la  mise  au  point  de 
produits  me me  simples  necessite  souvent  une  etude  appropride  aux 
divers  types  de  fixation  et  aux  cas  d' utilisation. 

Une  concertation  dtroite  entre  fabricants  d' elements  de 
fixation  et  utilisateurs  potentiels  est  d'autant  plus  ndcessaire 
afin  que  les  produits  definis  correspondent  le  mieux  aux  possibi- 
lites  de  fabrication  des  uns  et  aux  besoins  des  autres. 
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A  STUDY  TO  OPTIMIZE  THE  CFRP-A1  MECHANICAL  JOINT  IN  ORDER 
TO  REDUCE  ELECTRICAL  RESISTANCE 

by 

F .  Clpri,  M.  Palos 1 
Combat  Aircraft  Group 
AERITALIA 

C.so  Marche  41,  10100  Turin 
ITALY 

SUMMARY 

The  aim  of  this  paper  Is  to  show  what  could  be  the  kind  of  Joints  i..at  would  reduce 
the  electrical  resistance  when  a  carbon  fiber  reinforced  structure  has  to  be  Jointed  with 
an  aluminum  part. 

Assembly  of  specimens  has  been  considered  l'i  fixed  and  removable  configurations. 

The  materials  used  to  prepare  the  specimens  to  be  Jointed  were: 

-  Carbon  fiber  reinforced  plastic  F253-T300  Fabric  3K70PW 

-  Aluminum  alloy  2024  -  T3 


1  INTRODUCTION 

New  difficulties  are  arising  during  th <■  design  of  CFRP  parts  In  comparison  with  a- 
lumlnuir.  ones.  The  main  problem  will  be  to  verify  the  composite  structure  behaviour  from 
the  electrical  point  of  view.  It  will  be  necessary  to  consider  how  the  environment  will 
affect  the  structures  made  of  composite  material. 

Events  such  as  lightning  strike  can  have  more  dangerous  effects  on  CFRP  than  on  metallic 
parts. 

The  metallic  structure  itself  is  used  as  A.C.  or  D.C.  systems  return  path  with  currents 
of  hundreds  of  amperes,  as  a  ground  plane  for  antennas,  and  as  shielding  element  for  the 
external  electromagnetic  fields.  A  CFRP  part  can  be  used  as  an  antennas  ground  plane  and 
shielding  element  only  if  the  frequencies  involved  are  high;  in  this  case  the  electroma¬ 
gnetic  behaviour  of  the  CFRP  is  similar  to  the  aluminum  one.  Different  solutions  will  be 
required  on  CFRP  parts  for  low  frequencies. 

Moreover  the  structure  has  to  be  able  to  dissipate  without  problems  the  electrostatic  char¬ 
ges.  These  charges  could  arise  inside  the  aircraft  for  the  movement  of  fluids  (i.e.  fuel) 
and  outside  for  the  motion  of  the  aircraft  in  the  atmosphere,  therefore  it  is  essential 
that  all  the  parts  of  the  aircraft  and  the  aircraft  itself  should  have  the  lowest  electri¬ 
cal  resistance.  Particular  attention  has  to  be  given  to  the  increase  of  the  structural 
weight  and  on  the  Joints  CFRP  -  A1 . 

A  part  with  low  resistivity  for  the  presence  of  a  metallized  carbon  ply  and  a  bad  electri¬ 
cal  connection  with  other  metallic  elements  will  not  solve  the  overall  conductivity  of  the 
aircraft.  Moreover  the  CFRP  part  with  low  resistivity  will  attract  the  lightning  strike 
and  will  not  be  able  to  dissipate  high  currents.  In  this  case  the  protected  structure  will 
be  damaged  more  seriously  than  an  unprotected  one. 


2  LIGHTNING  STRIKE 

The  tips  of  the  aircraft  have  high  probability  to  be  struck  by  lightning.  The  cur¬ 
rent  will  follow  preferential  paths  as  front  fuselage-rear  fuselage  and  half  left  wing  - 
half  right  wing. 

The  current  need  a  low  resistivity  and  a  sufficient  cross  section  between  all  the  extre¬ 
mities  of  the  airframe  (Flg.l). 

The  aircraft  is  subdivided  in  areas  according  the  probability  to  be  struck  by  lightning 
(Fig. 2).  A  subdivision  exists  also  in  single  parts  like  vertical  fin  (Fig. 3). 

Some  CFRP  structures  have  to  be  protected  indlpendently  from  the  zone  of  the  aircraft  if 
there  are  Inside  devices  susceptable  to  external  currents  and  electromagnetic  fields. 
Particular  attention  has  to  be  paied  on  the  fuel  area  (wet  wing).  The  sparking  between 
the  bolts  inside  the  wing  is  a  problem  when  metallic  structures  are  used;  new  different  solu¬ 
tions  will  be  required  if  the  wing  is  manufactured  with  CFRP.  The  currents  generated  du¬ 
ring  lightning  strike  may  reach  values  up  to  200  kA  in  the  most  exposed  aircraft  structu¬ 
res;  they  can  reduce  the  structural  integrity  of  the  hit  part  and  can  have  consequences 
on  the  equipment. 

Some  phenomena  can  occur: 

-  shock  waves  that  can  produce  delaminations; 

-  local  Increase  of  the  temperature  favoured  by  the  low  thermal  conductivity  of  CFRP; 

-  hot  spots  in  the  attachment  point  of  the  lightning  strike  and  in  the  junctions  if  they 
have  high  resistivity; 
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-  •roaions  particularly  dangerous  In  the  fuel  area; 

-  delaminations  produced  by  a  fast  evaporation  of  the  water  usually  Inside  CFRP; 

-  interference  on  the  harnesses  with  troubles  on  transmitting  systems,  controlling  instru¬ 
ments  and  equipment  of  the  aircraft. 

Several  solutions  as  metallic  meshes,  metallised  carbon  fibers  and  plasma  spray  can 
be  adopted  to  minimise  the  damage  caused  during  lightning  strike. 

Usually  the  protections  adopted  for  the  lightning  strike  are  not  useful  for  the  shielding 
of  electromagnetic  fields;  in  any  case  the  shielding  problem  needs  a  solution  expecially 
on  new  generation  aircrafts  with  "fly  by  wire"  systems. 

The  potential  differences  have  to  be  considered  carefully  when  metallic  materials  have  to 
be  Jointed  with  CFRP.  If  the  materials  are  not  compatible  from  a  galvanic  corrosion  point 
of  view,  a  fiberglass  ply  has  to  be  used  between  the  metallic  protection  and  the  carbon 
underlayer.  In  any  case  meshes  will  Increase  the  weight  of  a  CFRP  part  because  they  are 
added  plies  and  are  not  structural  materials. 

Metallised  carbon  fiber  ply  should  be  more  useful ;  it  is  a  structural  material  and  could 
be  used  instead  of  the  last  ply  of  the  laminate.  In  this  case  only  the  metal  of  the  ply  will 
slightly  increase  the  weight  of  the  part. 

The  choice  of  a  metallic  protection  has  to  be  made  taking  into  account  thermo-mechanical 
distortion  problems  during  cure  cycle;  metallic  meshes  on  fabric  carbon  underlayer  don't 
give  particular  problems  while  if  unidirectional  carbon  fibers  are  used  distortion  pro¬ 
blems  can  arise.  The  main  factors  are  the  lay  up  and  the  thickness  of  CFRP  part,  the  cure 
cycle  maximum  temperature  and  the  difference  between  thermal  expansion  coefficients  of  the 
metallic  mesh  and  the  carbon  fibers  used. 

These  protections  can  be  a  problem  during  repairs  because  a  good  electrical  continuity  be¬ 
tween  the  damaged  area  and  the  part  is  not  easy  to  obtain. 


3  JOINTS 

Metal  metal  joints  that  fulfil  mechanical  requirements  will  be  satisfactory  also 
from  the  electrical  point  of  view  if  a  dry  assembly  is  used. 

CFRP  -  CFRP  and  CFRP  -  A1  Joints  will  give  particular  problems  also  if  the  joint  does  ful¬ 
fil  mechanical  requirements. 

CFRP  -  CFRP  Joints  have  to  be  avoided  and  if  it  is  possible  a  cocuring  kind  of  structure 
has  to  bo  choosen. 

When  CFRP  components  have  to  be  bonded  (cobonding  or  secondary  bonding)  the  low  conducti¬ 
vity  of  the  adhesive  has  to  be  considered.  Sometimes  the  adhesives  are  filled  with  alumi¬ 
num  powder  to  Improve  mechanical  properties  but  this  is  usually  detrimental  from  the  elec¬ 
trical  point  of  view. 

Bolts  are  widely  used  for  the  assembly  of  components  because  they  can  substain  high 
mechanical  loads.  Moreover  a  bonded  joint  between  CFRP  and  metal  is  not  mechanically  relia¬ 
ble  if  the  adhesive  choosen  needs  a  cure  cycle;  in  this  case  the  materials  will  be  pre¬ 
stressed  for  the  different  coefficients  of  thermal  expansion.  Among  the  bolted  joints  the¬ 
re  are  fixed  configurations  with  Hi  -  Loks  and  removable  ones  with  nut  plates. 

Fixed  configurations  are  used  mainly  for  the  joining  between  primary  structural  parts  (i.e. 
fin  box  -  rear  fuselage  fittings).  Removable  configurations  are  used  to  Join  secondary 
structural  parts  (i.e.  fin  leading  edge  -  fin  box)  that  have  to  be  removed  for  servicing. 
The  bolt  material  has  to  be  compatible  with  both  parts  to  be  assembled.  A  titanium  bolt 
will  be  used  for  CFRP  -  A1  Joints  in  order  to  reduce  the  galvanic  corrosion  even  if  Ti  re¬ 
sistivity  is  higher  than  aluminum  one. 

Several  solutions  can  be  adopted  to  minimize  the  resistivity  of  a  CFRP  part;  an  electrical 
connection  of  the  heads  of  the  bolts  with  a  metallic  strip  will  be  very  useful.  The  total 
resistivity  will  be  reduced  and  the  current  will  have  a  new  preferential  path. 

If  aerodynamic  requirements  don't  permit  to  use  metallic  strips,  plasma  spray  can  be  used 
for  the  electrical  connection  of  the  screws  heads. 

The  current  path  in  the  bolt  has  to  be  considered  carefully  in  order  to  improve  the 
joint  conductivity.  The  shank  of  the  bolt  does  not  play  a  large  part  in  making  contact  be¬ 
tween  CFRP  and  Al.  Several  others  factors  contribute: 

-  incorrect  drilling  can  produce  over  size  holes; 

-  presence  of  non  conductive  sealant  during  a  wet  assembly  will  Increase  the  resistivity; 

-  wrong  speed  drilling  or  feed  rate  can  smear  the  resin  over  the  ends  of  the  fibers  insu¬ 
lating  them; 

-  a  tenacious  non  conducting  oxide  film  that  the  titanium  bolts  tend  to  have  could  also 
increase  the  resistivity. 

The  current  will  flow  under  the  head  of  the  pin  and  will  reach  the  metallic  part  through 
the  shank  of  the  bolt. 

The  use  of  washers  or  metallic  strips  connecting  more  Hi  Loks  will  improve  the  conduct!- 
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vlty  by  increasing  the  electrical  cross  ■action,  tf  a  T1  bolt  la  uaad,  tha  highar  reaisti- 
vity  of  thla  material  In  comparison  with  tha  A1  has  to  ba  taken  Into  account  for  the  croaa 
■action  calculation. 

Alao  tha  natal  aurfaca  haa  to  ba  unpalnted  and  abraded  In  order  to  Improve  tha  conductivi¬ 
ty  but  only  in  tha  bolt  area.  Nut  plataa  not  floating  will  alao  mlnlmlae  the  realatlvlty. 
Tha  uaa  of  washers  or  metallic  atrlpa  will  Improve  tha  atreaaea  around  the  hole  but  alao 
tha  conductivity  because  tha  realatance  decreaaea  when  tha  preaaure  of  tha  bolt  increaaea. 


4  EXPERIMENTAL  WORK 

Electrical  conductivity  taata  have  been  performed  In  order  to  optlmlae  the  configu¬ 
ration  fin  boa  -  fuselage  fitting  riba  for  the  AMX  aircraft. 

Fin  box  la  a  cocured  carbon  fiber  reinforced  plaatlc  structure.  External  skins  and  apars 
are  cocured  simultaneoaly.  The  part  doea  not  need  aecondary  bonding  after  the  cure  cycle. 
Only  trimming,  drilling  and  asaembly  with  other  parta  are  neceaaary  (Fig. 4). 

Tha  matarlal  uaad  to  manufacture  the  fin  box  is  a  prepreg  with  a  3K70PW  fabric  of  Toray 
T300  fibers  and  an  epoxy  resin,  F263  from  Hexcel,  with  177  C  curing  temperature. 

The  specimens  for  tha  conductivity  teats  simulate  the  fin  box  lay  up  and  the  aluminum  al¬ 
loy  of  the  metallic  parts. 

Typical  specimens  configuration  have  been  choosen  in  order  to  verify  each  bolt  conducti¬ 
vity.  The  percentage  of  non  conducting  bolts  has  been  calculated  for  each  kind  of  assem¬ 
bly  (Fig. 5). 

Two  kinds  of  assembly  have  been  considered.  The  first  one  Is  used  in  fixed  configu¬ 
rations  and  It  Is  as  follows: 

Hi  Lok  pin  with  countersunk  head  in  titanium  and  an  aluminum  collar  (Fig. 6).  The  second 
one  Is  used  In  removable  configurations  and  It  is  as  follows: 

Titanium  screw  with  a  stainless  steel  washer  on  CFRP  side  and  aluminum  not  floating  nut 
plate  with  two  lugs  rlvetted  on  the  A1  aide  (Fig. 7). 

First  of  all  the  electrical  conductivity  of  CFRP  specimen  without  A1  parts  has  been  eva¬ 
luated.  The  lay  up  was  50ft  at  0/90  and  50*  at  +/-45.  The  holes  of  the  specimens  have  been 
metallised  with  a  nickel  flash  and  a  copper  eleetrogalvanlc  deposition.  Copper  wires  have 
been  welded  In  the  holes  using  a  silver  -  tin  alloy  in  order  to  connect  the  specimen 
with  the  measurement  equipment. 

In  Tab. I  are  the  results  of  D.C.  and  A.C.  measurements  and  in  Fig. 8  are  the  R  and  Z  cur¬ 
ves  against  the  frequency  between  10  kHs  and  10  MHx. 

The  resistivity  of  a  CFRP  specimen  Is  affected  by  the  lay  up,  the  kind  of  fibers  and,  for 
the  same  fibers,  if  they  are  a  fabric  or  a  tape. 

The  ratio  between  the  resistivity  In  0  and  90  direction  seems  to  be  about  1:600  using 
600x300  mm  specimens  with  the  same  kind  of  unidirectional  fibers  and  the  some  resin  sy¬ 
stem  between  0-50  kHz  (Flgg.9-10). 

Tests  performed  on  3K70PW  fabric  and  unidirectionals  ( (0, +45,-45, 90)s  lay  up)  specimens 
with  the  same  dimensions  have  shown  almost  the  same  resistivity  that  is  57  mohm  between 
0-50  kHz. 

The  resistivity  of  the  carbon  yarn  changes  also  with  the  graphltizlng  percentage.  This 
percentage  la  in  correlation  with  the  heat  treatment  of  the  PAN  fibers.  Our  tests  have 
been  performed  on  high  strength  fibers. 

Assembly  of  specimens  have  been  carried  out  on  several  kinds  of  protections  and  bolting 
types . 

The  metallic  part  of  the  specimens  have  been  made  according  the  following  flow: 

2024  T3  Aluminum  sheet 

Sulphocromlc  pickling 

Chemical  conversion  coating 
Alodyne  1200 

Epoxy  primer 

Epoxy  topcoat 

Non  conductive  sealant  (PR  1436G  B  1/2),  epoxy  adhesives  filled  with  silver  (Eccobond  56C 
and  Scotchcast  105)  and  conductive  paint  (Eccoahield  341)  have  been  used  during  the  as¬ 
sembly. 

A1  -  CFRP  specimens  results 

The  use  oh  HI  Lok  bolts  is  associated  with  a  very  high  junction  uncertainty;  bad  contact  can 
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achieve  a  resistivity  of  2ohm  (Tab. II).  Tha  conductivity  and  uncertainty  of  tha  Joint 
will  slightly  Improve  only  if  a  conductive  paint  (filled  with  ellver)  waa  uaed.  Anyway 
the  problem  will  not  be  aolved  becauae  the  conductivity  imprevementa  are  too  low.  No  im¬ 
provement  la  achieved  if  tha  hole  drilling  tolerance  decrease  from  Hll  to  H8. 

The  only  possible  solution  to  minimise  the  resistivity  la  to  use  a  removable  configura¬ 
tion.  Stainless  stoel  washer  will  be  bonded  on  the  CFRP  with  conductive  adhesive  and  nut 
plates  will  be  rlvetted  on  the  aluminum  The  T1  screw  will  Join  the  CFRP  and  A1  parts. 
This  kind  of  solution  cannot  always  be  used.  Different  solutions  have  bean  considered  in 
order  to  minimise  the  uncertainty  of  Hi  Lok  -  Collar  Junctions. 

A1  -  CFRP  plus  A1  mesh  specimens  results 

These  specimens  have  been  mado  uaing  the  same  prepreg  underlayer  as  above  and  adding  a 
fiberglass  ply,  aluminum  mesh  and  an  adhesive  ply.  The  mesh  had  180  yarns/cm  with  a  yarn 
diameter  of  0.0S  mm.  This  part  has  been  cured  slmultaneosly  with  a  177  C  cure  cycle. 

The  fiberglass  ply  is  necessary  because  the  potential  difference  between  2024  A1  alloy 
and  CFRP  is  0.9  V:  this  value  is  higher  than  +/-  0.2S  V  maximum  allowable  for  galvanic 
compatibility. 

Results  of  D.C.  measurements  on  fixed  and  removable  configurations  are  in  Tab. III.  The 
resistivity  of  fixed  configurations  is  about  7  mhom,  slightly  Improved  than  before.  The 
percentage  of  efficient  Junctions  has  been  bettered;  the  uncertainty  was  about  36Jt  and 
with  the  A1  mesh  is  decreased  tol6X.  This  solution  probably  is  not  the  best  but  an  impro¬ 
vement  on  fixed  configurations  has  been  achieved. 

Removable  configuration  resistivity  is  higher  than  before;  but  this  is  understandable  be¬ 
cause  now  there  is  no  conductive  adhesive  under  the  washer  of  the  screw.  The  use  of  con¬ 
ductive  adhesive  with  this  configuration  will  give  the  possibility  to  obtain  values  as 
before  if  not  better.  The  A1  mash  will  partially  solve  the  conductivity  problem  but  will 
increase  the  weight  of  the  protected  part. 

A1  -  CFRP  plus  Ni  coated  graphite  fibers  specimens  results 

Tape  and  fabric  carbon  fibers  metallized  with  Ni  have  been  added  to  a  carbon  underlayer 
as  before. 

In  this  case  also  Hi  Lok  and  nut  plates  assemblies  have  been  considered.  Results  of  mea¬ 
surements  are  in  Tab. IV. 

The  Joints  resistivity  is  about  2  mohm  for  both  configurations  and  the  uncertainty  per¬ 
centage  is  very  low.  This  kind  of  solution  seems  to  be  promising;  the  resistivity  and  the 
uncertainty  factors  are  very  low  and  also  the  structural  weight  can  be  minimized.  Metal¬ 
lized  carbon  ply  is  a  structural  material  and  it  could  be  used  Instead  of  the  last  ply  of 
carbon  underlayer.  Weight  increase  will  be  only  due  to  the  metallization  of  the  last  car¬ 
bon  ply. 

Prellminar  tensile  mechanical  tests  performed  on  CFRP  and  CFRP  plus  Ni  coated  fabric  spe¬ 
cimens  show  that  the  failure  stresses  are  very  close;  in  particular  the  failure  stresses 
variation  is  lower  than  the  coefficient  of  variation. 

Fin  measurements  results 

A  study  on  the  best  electrical  configuration  for  the  AMX  fin  has  been  performed  following 
the  Indications  on  specimens  results.  AMX  fin  box  has  to  be  protected  because  its  typical 
thickness  is  lower  than  5  mm. 

CFRP  parts  thicker  than  5  mm  do  not  require  particular  protections  against  lightning  stri¬ 
kes.  The  carbon,  also  if  not  a  good  conductor,  will  be  able  to  dissipate  high  currents  if 
the  cross  section  is  sufficient.  Obviously  the  Joints  have  to  work  correctly.  Some  CFRP 
parts  thicker  than  5  mm  will  be  protected  if  shielding  requirements  exist. 

The  original  configuration  of  the  vertical  fin  is  as  follows: 

the  A1  mesh  is  2/3  of  the  fin  height  and  it  works  like  an  antenna  ground  plane;  the  lea¬ 
ding  edge  is  made  of  kevlar  and  it  is  fitted  on  the  fin  box  with  T1  screws  and  nut  plates. 
The  fin  box  is  fitted  on  the  upper  and  lower  metallic  ribs  with  Ti  Hi  Loks  and  A1  collars. 
D.C.  resistivity  between  the  upper  and  lower  ribs  was  11  mohm.  Some  variations  have  been 
proposed  in  order  to  improve  electrical  conductivity  as  follows: 

-  change  the  kevlar  leading  edge  with  an  A1  one.  This  can  be  useful  to  have  a  preferen¬ 
tial  path  from  the  fuselage  to  the  rear  extremity  of  the  upper  rib; 

-  cocure  the  A1  mesh  for  all  the  fin  box  length.  In  this  way  the  upper  and  lower  Hi  Loks 
rows  will  be  connected; 

-  connect  the  bolts  heads  of  each  row  with  a  thin  stainless  steel  strip.  The  metallic 
strip  will  be  drawn  in  order  to  have  the  bests  coupling  with  the  hole  countersunks. 

Conductive  adhesive  will  be  used  only  in  the  hole  countersink  area;  none  conductive  sea¬ 
lant  will  be  used  between  metallic  strip  and  CFRP  far  from  holes. 

A  second  vertical  fin  made  with  these  new  suggestions  has  had  a  resistivity  of  2.5  mohm 
with  the  same  measurement  conditions  of  the  first  one.  The  current  cross  section  with 
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these  improvements  is  about  25  mm“2  (Fig.il). 

Ni  costed  carbon  fibers  gave  the  best  results  on  coupons  but  they  have  not  yet  been  used 
as  struotural  material.  A  study  of  their  applicability  ia  a  subject  of  further  investiga¬ 
tion.  Neverthleas  mechanical  performances  have  to  be  tested  after  the  tearing  of  a  Ni  co¬ 
ated  area  struck  by  lightning. 

Changes  proposed  for  the  fin  configuration  will  partially  solve  the  conductivity  problem, 
but  this  will  be  only  the  first  step  to  improve  the  performances  of  the  vertical  fin. 
Lightning  strike  tests  on  the  AMX  fin  will  be  necessary  to  verify  the  new  solutions.  Ul¬ 
trasonic  Inspection,  static  and  fatigue  tests  will  be  also  helpful. 

Lightning  strike  tests  have  been  performed  on  550x280  mm  panels  according  MIL  STD 
1757,  Unprotected  and  protected  laminates  have  been  considered. 

The  materials  uued  for  protection  were  Thorstrand  TEF  5  and  Ni  coated  graphite  fibers  fa¬ 
bric.  The  impendence  values  and  maximum  pulse  currents  are  in  Tab.V. 

The  Ni  coated  graphite  panels  give,  also  in  this  case,  the  minimum  of  impendence. 

The  unprotected  CFRP  fabric  panel  dissipated  the  hlgest  current.  Damage  was  rather  seri¬ 
ous  because  three  plies  have  been  damaged  in  the  attach  sone. 

Thorstrand  TEF  5  ply  tore  with  110  kA  current  while  an  unprotected  panel  made  of  unidi¬ 
rectional  fibers  dissipated  a  132  kA  current  with  the  tearing  of  the  first  ply. 

Ni  coated  graphite  panel  showed  only  sunace  burning  with  184  kA  current.  The  Ni  coated 
CFRP  seems  to  be  able  to  discharge  high  currents,  also  if  it  Is  an  attraction  element  for 
lightning  strike. 


5  CONCLUDING  REMARKS 

Several  suggestions  can  be  proposed  in  order  to  minimize  the  resistivity  between 

CFRP  and  light  alleys. 

They  are: 

-  verify  if  the  structure  has  preferenclal  paths  with  enough  cross  section  for  the  cur¬ 
rents; 

-  foresee  the  drawing  at  design  stage  to  obtain  preferential  paths; 

-  adopt  metallic  protections  on  CFRP  parts;  structural  soulutions  will  be  more  helpful 
for  weight  savings; 

-  pay  particular  attention  to  mechanical  Joints  in  order  to  minimize  galvanic  corrosion 
and  in  order  to  have  the  eloctrlcal  continuity  for  each  fastener; 

-  make  an  electrical  connection  between  more  fasteners  in  order  to  minimize  total  rese- 
stlvity; 

-  consider  carefully  the  sparking  problem  in  the  fuel  area. 
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Fig.  1 

Fig. 2 

Typical  Lightning  Strike  paths 

Typical  zoning  for  a  tactical  fighter  according 
to  NIL  -STD  -  1757A  eritaria 
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Fig.  4 

Scheme  of  the  AMX  CFRP  vertical  fin 
torsion  box 


Fig. 3 


Example  of  zoning  criteria  for  a  vertical 
fin  structure 


too 


CFRP  specimen  for  conductivity  testing 
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Fig.S 

Fixed  configuration  Joint 


Fig. 7 

Removable  configuration  joint 
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Conductivity  results  on  CFRP  fabric  laminates  without  fasteners 
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Vertical  fin  configuration  to  Improve  conductivity  behaviour 
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Simulated  lightning  strike  test  results  on  CFRP  panels 
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SUMMARY 

Compact  test  specimens  for  measuring  the  strength  interaction  behaviour  of  bolted 
joints  subject  to  combined  bearing  and  by-pass  stresses  have  been  studied.  Multi-bolt 
specimens  which  have  been  successfully  used  to  study  these  effects  in  aluminium  alloy 
were  found  to  be  unsatisfactory  because  of  the  uncertainty  in  load  transfer,  and  a  new 
specimen  based  on  parallel  plates  was  developed.  Bearing  load  at  the  holes  is  achieved 
through  load  transfer  from  the  central  CFRP  coupon  to  the  parallel  plates.  The  maximum 
ratio  of  bearing  to  bypass  loads  is  limited  by  the  initial  fit  of  the  bolt  and  by 
subsequent  bolt/hole  deformation  under  load.  However  the  specimens  recommended  are 
capable  of  applying  a  wide  range  of  bearing/bypass  load  ratios. 

Sample  strength  interaction  envelope:  were  produced  for  a  Hercules  IM6  fibre  and 
Ciba-Geigy  Fibredux  6376  resin  laminate  o:  typical  wing  skin  lay-up,  5.5  mm  thick.  Both 
tension  and  compression  quadrants  were  studied,  with  two  hole  sizes,  in  both  double 
shear  and  single  shear.  The  interaction  behaviour  was  similar  in  both  tension  and 
compression  for  6.35  mm  holes  in  double  shear,  but  in  the  case  of  9.5  mm  bolts  there 
was  less  interaction  in  compression  than  in  tension.  Countersunk  fasteners  in  tension 
appeared  to  suffer  little  reduction  in  net  strength  due  to  bearing  stresses. 
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1  INTRODUCTION 

Mechanical  joints  in  carbon  fibre  plate  structures  are  widely  used  since  they  offer 
a  reliable  means  of  load  transfer;  bolts  bearing  against  the  supported  axial  fibres  in 
multidirectional  laminates  have  been  shown  to  achieve  bearing  strengths  close  to  the 
laminate  compression  strength  ( 1 ) *  The  efficiency  of  CFRP  joints  in  bearing  is  well 
understood  but,  apart  from  a  minority  of  jointing  cases  such  as  single  hole  Joints  at  wing 
attachment  fittings,  bearing  stress  alone  is  s  rare  occurrence. 

The  general  case  found  in  mechanical  joints  is  the  transfer  of  load  by  bolt  bearing 
into  a  stressed  sheet.  Examples  abound,  such  as  in  aircraft  wings  where  a  combination 
of  membrane  stress  due  to  bending  and  bearing  stress  due  to  transfer  of  shear  load  at 
the  skin/substructure  interface  occurs.  The  ratio  of  bearing  stress  to  membrane  stress 
varies  widely  across  the  wing  but  will  generally  be  low  for  the  skin/substructure  joints 
and  high  for  the  multi-hole  joints  at  wing  attachment  fittings.  Both  membrane  and 
bearing  stresses  will  give  rise  to  stress  concentrations  at  the  edge  of  the  hole  which 
may  initiate  failure  and  it  is  to  be  expected  that  some  interaction  of  the  stress  con¬ 
centrations  will  occur,  leading  to  a  reduction  in  strength. 

The  strength  values  used  in  aerospace  structural  design  are  the  filled-hole  notched 
strength  and  the  bearing  strength,  both  of  which  vary  with  lay-up  and  fibre/resin  system. 
They  are  generally  measured  using  separate  coupon  specimens  designed  to  give  representa¬ 
tive  failure  modes  and  strengths.  The  interaction  problem  is  often  treated  using  assumed 
(conservative)  factors  to  reduce  the  notched  strength  to  account  for  additional  bearing 
stress.  In  consequence  a  method  is  sought  to  obtain  accurate  design  values  for  strength 
of  notched  laminates  under  combined  membrane  and  bearing  stress.  The  problem  has  been 
studied  by  others  including  Hart-Smith  (2)  who  developed  a  semi-empirical  design  method. 
Strength  measurements  under  combined  stress  have  been  carried  out  by  Crews  (3),  who 
developed  a  servo-hydraulic  test  frame  capable  of  applying  membrane  and  bearing  loads 
independently.  This  method  shows  great  potential  but  requires  complex  testing  equipment. 

The  aim  of  the  present  work  is  to  develop  a  simple  method  for  strength  interaction 
measurement  using  coupon  specimens  in  ordinary  test  machines.  Two  main  types  of  speci¬ 
men  were  investigated.  One  specimen  depends  on  load  sharing  between  the  bolts  of  a 
multi-bolt  joint  and  the  other,  more  successful,  specimen  depends  on  load  sharing 
between  the  CFRP  coupon  and  parallel  steel  side  plates  which  are  loaded  only  via  the 
bolts.  This  parallel  plate  method  is  applicable  to  double  shear  and  single  shear  joints 
with  plain  or  countersunk  bolts.  The  bearing  load  achieved  is  dependent  on  the  relative 
stiffness  of  the  members  and  the  initial  bolt  fit.  These  parameters  can  be  controlled 
to  give  a  wide  range  of  bearing/membrane  stress.  The  specimens  were  used  to  develop 
strength  interaction  curves  for  a  laminate  made  from  Hercules  IM6  fibre  and  Ciba-Geigy 
Fibredux  6376  resin.  Both  tension/bear ing  and  compression/bear ing  quadrants  were 
investigated,  UBing  plain  (hexagonal  headed)  bolts  in  double  shear  and  countersunk  bolts 
in  single  shear.  Test  results  to  date  are  given  in  Table  1. 

2  MULTIPLE  HOLE  JOINTS 
2.1  Prospects  for  Analysis 

The  analysis  of  bole  groups  depends  critically  on  the  local  deformation  of  the 
holes  and  the  bolts.  Work  by  Do  Jong  (4)  using  elasticity  theory  and  conformal  mapping 
has  studied  various  configurations  of  bolt  rows.  Finite  element  methods  can,  of  course, 
be  applied,  although  complex  and  costly  models  are  needed  to  represent  the  three- 
dimensional  deformations  and  stresses.  No  elastic  method  has  been  found  accurate  for 
strength  prediction  of  composite  joints. 

If  bolt/hole  deformation  is  ignored,  a  row  of  fasteners  in  double  shear  can  be 
anelysed  simply.  The  following  results  apply  to  a  three-hole  joint  shown  in  Fig  1. 
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For  a  symmetrical  joint,  AjE^  *  A2E2/2,  then 

Px  .  P2  .  P/2.  P3  =  P4  -  P.  -  S3  =  P/2 


(1  ) 


These  results  apply  to  joints  of  similar  configuration  with  any  number  of  holes  per 
row,  ie  only  the  outer  bolts  are  effective  in  load  transfer  and  the  aheet  between  the 
outer  bolts  is  under  constant  stress.  Provided  the  bolt  clearances  are  matched,  a 
symmetrical  two-hole  joint  should,  from  equation  (1),  have  equal  bearing  loads  at  each 
hole.  This  is  the  only  case  in  which  50%  load  transfer  can  be  assured. 
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For  other  configurations,  deformation  of  the  bolt/hole  will  clearly  redistribute 
load  between  the  bolts  and,  for  ductile  materials*  experience  has  shown  that  shear 
equalisation  can  take  place  with  plastic  deformation  (5).  This  is  shown  qualitatively 
in  Fig  2.  Given  the  occurrence  of  shear  equalisation  from  local  yielding,  a  multi-hole 
fastener  would  provide  a  convenient  means  of  studying  the  bearing/membrane  stress  inter¬ 
action  problem,  with  a  two  hole  specimen  giving  50%  load  transfer,  a  three  hole  specimen 
33%  and  so  on. 

Shear  equalisation  is  less  likely  with  the  relatively  brittle  characteristics  of 
CFRP  and  the  high  stiffneaa  of  the  steel  or  titanium  fasteners  used.  However,  a  number 
of  exploratory  tests  were  carried  out  to  assess  the  multiple  hole  specimen. 

2.2  Exploratory  Tests 

The  laminate  used  for  all  the  tests  in  the  present  report  was  44  ply,  nominally 
5.5  mm  thick,  in  a  distributed  lay-up  of  16/20/6  plies  at  0°/+-45o/90o  respectively,  in 
IM6-6376  material.  For  this  thickness  it  was  found  that  the  diameter  of  high-tensile 
steel  bolt  required  to  give  bearing  failure  in  the  composite  without  bolt  bending  was 
greater  than  6  mm  so  the  nearest  standard  site  of  9.5  mm  was  used.  The  bolts  in  all 
tests  were  torque  tightened  to  a  moderate  level  (7  Nm)  to  provide  a  positive  lateral 
constraint  without  significant  friction.  The  specimens  used  are  shown  in  Fig  3  as  types 
B,  C  and  D.  Only  one  test  was  carried  out  in  each  configuration,  to  establish  the  basic 
behaviour.  The  results  are  shown  as  load-extension  curves  in  Fig  4.  Five  curves  are 
shown,  one  (C07)  a  bearing  strength  test,  one  (C04)  a  filled  hole  tension  test  and  the 
remainder  (C03,  C05  and  C06)  combined  bearing/by-pass  tests  with  four,  three  and  two 
hole  specimens  respectively.  The  failure  modes  are  shown  in  the  photographs  in  Fig  5. 

C07  and  C04  exhibit  the  normal  bearing  and  notched  tensile  modes.  Considering  the  multi¬ 
hole  specimens,  C03  shows  tensile  failure  at  the  first  hole  with  evidence  of  additional 
bearing  deformation  at  holes  1,  2  and  3  only.  Hole  4  shows  no  visible  sign  of  permanent 
bearing  deformation.  The  three  hole  specimen,  C05,  also  failed  in  a  tensile  mode  at 
hole  1,  but  in  this  case  the  bearing  deformation  is  less  and  limited  to  hole  1.  The  two 
hole  specimen,  C06,  has  the  same  failure  mode,  and  shows  evidence  of  bearing  deformation 
at  both  holes. 

Referring  to  Fig  4  it  is  clear  that  the  multi-hole  specimens  all  failed  at  virtually 
the  same  load,  but  less  than  that  for  the  filled  hole  tensile  specimen  by  25%.  This 
indicates  that  the  notched  tensile  strength  (snt)  ia  significantly  reduced  by  bearing 
stress  and  the  reduction  does  not  necessarily  vary  with  number  of  holes  in  a  joint.  From 
the  visible  evidence  of  the  failure  modes  it  appears  that  the  bearing  load  was  con¬ 
centrated  at  the  first  hole.  Equalisation  of  bolt  loads  did  not  occur  so  no  accurate 
estimate  of  the  bearing  loads  can  be  made. 

2.3  Thermoelastic  Investigation  Using  SPATE  Equipment 

An  investigation  of  the  load  distribution  in  the  steel  side  plates  was  carried  out 
using  the  SPATE  system  at  RAB ,  general  details  of  which  are  given  in  Ref  6.  This  equip¬ 
ment  detects  adiabatic  temperature  changes,  which  for  isotropic  materials  ere  proportional 
to  the  sum  of  the  principal  stresses,  in  structures  undergoing  cyclic  loading.  Specimens 
of  type  D  were  used,  30  mm  wide,  with  6  mm  thick  parallel  steel  plates  either  side 
fastened  with  four  6.35  mm  bolts.  Two  specimens  were  tested,  the  first  a  static  teat 
and  the  second  a  residual  strength  teat  after  fatigue  "shake-down".  In  the  second  test 
emissions  from  the  aide  plates  were  detected  to  obtain  a  measure  of  the  stress  variation, 
and  resultant  bearing  loads  at  each  hole.  The  fatigue  test  was  carried  out  at  5  Hz  at 
mean  load  of  33  kN  and  alternating  load  of  27  kN  (R  »  0.1). 

The  fatigue  testa  were  run  up  to  100,000  cycles  to  observe  load  rediatribu l ion 
resulting  from  local  bearing  deformation  in  the  CFRP  coupon.  During  this  time  several 
scans  of  the  ateel  aide  plate  were  performed  using  SPATE.  During  the  early  stages  the 
bearing  load  was  concentrated  at  the  first  bolt,  which  failed  in  fatigue  several  times 
and  was  renewed.  Towards  the  end  of  the  teat  the  first  three  bolts  failed,  and  all  four 
were  replaced  before  the  residual  strength  test.  The  residual  strength  test  gave  the  net 
tensile  strength  as  572  MPa,  14.6%  below  the  notched  tensile  strength  result.  The  static 
strength  test  gave  72.2  kN  compared  with  76.2  kN  for  the  residual  strength  teat,  co  the 
bearing  deformation  under  fatigue  may  have  caused  a  significant  equalisation  of  bearing 
load  and  a  consequent  increase  in  net  tensile  strength.  It  should  be  noted,  however, 
that  even  in  the  absence  of  bearing  effects  the  net  tensile  strength  would  be  expected 
to  increase  slightly  as  a  result  of  fatigue  (7).  Consequently  the  strength  achieved  was 
closer  to  the  notched  tensile  strength  than  that  for  the  9.5  mm  bolts  discussed  in 
section  2*2  (86%  of  snt  for  the  6.35  mm  bolts  and  75%  of  snt  for  the  9.5  mm  bolts).  A 
photograph  of  the  failed  residual  strength  specimen  is  shown  in  Fig  6.  The  bearing 
fatigue  caused  elongations  of  the  holes  of  between  3.1%  (1st  hole)  and  1%  (4th  hole). 

Photographs  of  the  SPATE  scans  in  Fig  7  show  some  increase  of  stress  away  from  the 
first  hole  between  30,000  and  100,000  cyclea,  indicating  bearing  redistribution*  However 
the  results  ao  far  have  not  given  accurate  values  of  the  bearing  load  at  each  hole. 
Although  it  may  be  possible  to  uae  multi-hole  specimens,  the  difficulty  of  measuring  the 
bearing  load  at  each  hole  is  a  major  disadvantage.  Paradoxically  it  appears  that  the 
strength  of  multi-hole  joints  can  be  improved  by  using  "weak"  fasteners  which  yield  and 
so  equalise  the  fastener  shears. 
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3  PARALLEL  PLATE  SPECIMENS 

3.1  Specimen  types  and  Potential  Applications 

Tha  parallel  plata  specimen  types  used  In  this  investigation  are  shown  in  Fig  8. 
Bearing  load  is  generated  at  the  CFRP  hole  by  load  transfer  into  the  side  plates.  The 
model  shown  in  Fig  9  gives  the  lo  id  distribution  in  terms  of  the  member  strains  and 
stiffnesses  for  a  symmetric  three-plate  apecimen. 

An  upper  limit  to  the  bearing  load,  neglecting  bolt/hole  deformation  is 

Pfa  -  P/(l  ♦  (A^mgE,,))  (2) 

A  practical  minimum  ratio  of  A1E1/A2B2  18  About  1/6  and  this  yields,  neglecting  bolt/ 
hole  deformation,  a  maximum  bearing  load  of  12/13  of  the  applied  load.  As  will  be  shown 
later,  this  upper  limit  could  only  be  expected  for  extremely  long  specimens. 

In  practice  the  bearing  loads  can  be  determined  from  measured  strains: 

From  measured  side  plate  strains, 


From  measured  CFRF  coupon  strains, 


p  -  Vi6  2 


Thus,  the  true  bearing  load  can  be  obtained  from  strain  gauge  measurements  on  either 
the  side  plates  or  the  CFRP  coupon,  once  the  Youngs  modulus  is  accurately  known.  The 
ratio  of  bearing/applied  load  will  vary  at.  bolt  or  hole  deformation  takes  place  so  the 
strains  must  be  continuously  monitored  to  obtain  the  correct  results  at  failure. 

Initial  bolt  clearance  and  deformation  under  load  reduce  the  achievable  bearing 
loads.  It  was  found  that  the  short  specimen  (type  E),  with  100  mm  bolt  pitch,  achieved 
load  transfer  of  about  20%.  This  could  be  increased  to  about  85%  using  type  F.  In 
specimen  type  F,  the  initial  bolt  clearance  is  halved  because  only  one  bolt  acts  in  load 
transfer.  At  the  other  ond  the  CFRP  atrip  is  bonded  and  pinned  to  the  aide  plates  and 
this  rigid  joint  is  clamped  in  the  hydraulic  grips  of  the  test  machine.  The  combination 
of  increased  effective  length  and  reduced  clearance  gives  much  higher  load  transfer 
ratios . 


In  practice,  predictions  of  load  transfer  are  difficult  because  of  non-linear 
bearing  deformation  characteristics  near  failure.  However,  it  has  been  found  that  the 
two  specimens,  types  E  and  F  give  sufficient  range  to  cover  the  relevant  loading  esses. 
For  a  given  specimen  type,  variability  in  initial  clearance  and  bolt/hole  deformation 
will  result  in  variability  in  load  transfer  at  failure.  This  is  no  disadvantage  since 
it  expands  the  interaction  data  over  the  range  studied. 

Load  transfer  in  single  shear  with  countersunk  fasteners  can  be  studied  using 
specimen  type  C,  backed  with  an  anti-bending  plate  if  necessary.  The  single  sided  plate 
arrangement  can  also  be  used  to  study  additional  bending  effects  by  adding  spacers 
between  the  plate  and  coupon,  with  a  train  gauges  attached  to  measure  both  load  transfer 
and  additional  bending. 


Approximately  fifty  specimens  of  various  configurations  were  tested  to  develop  the 
best  type  and  to  generate  sample  strength  interaction  curves  for  the  CFRP  laminate.  An 


essential  prerequisite  was  the  Youngs  modulus 
Youngs  modulus  in  tension  and  compression  was 
respectively.  Both  aluminium  alloy  (L65)  and 
trials,  with  modulus  of  70  GPa  and  210  GPa. 

3.2  Teut  Programme  and  Results 

3.2.1  Trials  with  short  specimens  using 


of  the  constituent  plates.  The  laminate 
measured  as  71.1  GPa  and  70.3  GPa, 
steel  (EN8)  side  plates  were  used  in  the 


aluminium  alloy  and  steel  side  plates 


The  first  tests  compared  specimens  with  L65  and  steel  aide  plates,  either  3  mm  or 
6  mm  thick,  strain  gauged  on  the  side  plates  only.  The  curves  of  load-extension  and 
load-strain  for  3  mm  aluminium  alloy  and  steel  side  plates  are  compared  in  Fig  10,  Both 
strain  curves  show  increasing  side-plate  strain  per  unit  load  as  initial  clearance  is 
taken  up  and  bearing  pressure  increase*.  The  curves  for  3  .'am  steel  pistes  indicate  a 
progressive  localised  failure  just  before  final  failure,  with  a  step  increase  in  extension 
and  reduction  in  strain.  The  3  mm  aluminium  alloy  and  steel  specimens  achieved  bearing 
loads  of  15%  and  20%  of  Puit  respectively.  The  load-extension  results  for  3  mm  and  6  mm 
aluminium  alloy  and  6  mm  steel  are  shown  in  Fig  11.  Despite  the  differences  of  up  to 
25%  in  total  stiffness,  assuming  no  bolt/hole  deformation,  there  Is  very  little  difference 
in  measured  stiffness  for  the  three  specimens.  In  practice,  clearance  and  local 
deformation  have  reduced  the  stiffness  contribution  of  the  side  plates  and  limited  the 
bearing  loads  to  about  20%  of  Pqlt* 


3.2.2  Trials  with  long  specimens 
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Long  specimens  using  stssl  sids  plates  sithsr  3  mm  or  10  mm  thick  wsrs  investigated 
to  increase  the  achievable  load  transfer.  The  specimen  type  is  shown  in  Fig  6,  F.  The 
first  studied,  C01 ,  was  30  mm  wide  with  3  mm  side  plates  fastened  with  a  0.35  mm  bolt. 
Strain  gauges  were  attached  to  the  side  plates  only.  The  load«extension  and  lead-strain 
curves  are  shown  in  Fig  12.  Neglecting  deformation  the  theoretical  maximum  bearing  load, 
from  equation  2,  is  76%  of  the  applied  load.  The  measured  bearing  loads  aohieved  are 
shown  In  Fig  12,  reducing  from  the  initial  value  of  0.63P  to  0.38P  at  failure.  The 
reduction  in  bearing  load  ratio  was  caused  by  bolt  bending  and  plaatlc  elongation  of  the 
holes  in  the  side  plates.  The  bearing  stress  at  failure  in  the  CFRP  coupon  was  784  MPa, 
71%  of  the  bearing  strength. 

To  overcome  the  bolt/hole  deformation  problem  and  increase  the  load  transfer  ratio 
a  specimen,  denoted  C02,  50  mm  wide  with  10  mm  thick  steel  side  plates  fastened  with  a 
9.5  mm  bolt,  was  investigated.  The  load-extension  and  load-strain  curves  for  C02  are 
shown  in  Fig  13.  The  lower  curve  shows  the  variation  of  side  plate  strain  with  applied 
load.  It  is  linear  up  to  initial  bearing  failure  in  the  CFRP  and  then  Increases  more 
slowly*  The  theoretical  maximum  bearing  load  neglecting  deformation  is  0.91P,  whereas 
the  initial  value,  measured  from  Fig  13,  is  about  0.79P.  At  initial  bearing  failure  the 
bearing  load  is  50.4  kN,  72%  of  the  applied  load  and  73%  of  the  bearing  strength  for  a 
9.5  mm  hole.  Beyond  Initial  failure,  progressive  bearing  failure  occurred,  resulting  in 
the  reduction  in  total  stiffness  snd  strain  rate  shown.  The  failure  modes  of  specimens 
C01  and  C02  are  shown  in  the  photographs  in  Fig  14.  C01  has  mostly  tensile  failure  with 

a  small  amount  of  bearing  deformation  whereas  C02  shows  evidence  of  much  more  bearing 
deformation,  corresponding  with  the  load-strain  curve. 

3.2.3  Single  shear  specimens 

Specimens  of  type  Q  (Fig  8)  were  used  to  study  strength  interaction  in  single  shear 
with  6,35  mm  countersunk  fasteners.  The  asymmetry  of  this  specimen  can  cause  secondary 
bending,  and  this  was  restricted  by  clsmping  the  CFRP  coupon  to  the  side  plates.  A 
single  strain  gauge  was  attached  to  the  centre  of  the  coupon  at  both  sides  to  monitor 
both  load  transfer  and  additional  bending.  The  results  from  a  specimen  with  a  6  mm  steel 
side  plate  are  given  in  Fig  15.  Load  transfer  values  of  up  to  15.9%  were  achieved, 
although  local  deformation  reduced  this  to  12.9%  at  failure.  The  secondary  bending 
strain  was  less  than  5%. 

3.2.4  Spacimens  in  compression 

The  compression  quadrant  was  studied  using  the  same  specimens  as  for  tension, 
types  E  and  K  in  Fig  8.  The  side  plates  used  were  6  mm  or  10  mm  thick  steel  which  gave 
adequate  Euler  buckling  rigidity.  Nevertheless,  the  specimens  were  lightly  clamped 
using  engineers  clamps  to  prevent  incipient  buckling  of  the  individual  members.  Strain 
gauges  were  attached  to  the  plates. 

The  load,  diaplacsmant  and  strain  response  for  a  typical  short  specimen  (B09,  type 
E)  is  given  in  Fig  16.  The  strain  curve  shows  three  distinct  phases,  representing 
friction  effects,  bolt  bearing  load  transfer  and  progressive  failure.  Before  the  bolt 
clearance  is  taken  up  a  email  amount  of  load  is  transferred  to  the  side  plates  through 
friction.  A  linear  phase  of  bolt  bearing  load  transfer  then  occurs,  followed  by  pro¬ 
gressive  failure  during  which  the  side  plate  strain  incraases  rapidly.  Final  &ailure 
occurs  at  a  strain  level  greater  than  that  for  bolt  bearing  load  transfer  alone,  and  an 
estimate  must  be  made  of  the  strain  at  initial  failure  due  to  combined  bolt  bearing  and 
compression  stress.  This  point  is  shown  on  the  curve  at  380pt  side  plate  strain  and 
81  kN  applied  load.  Above  this  point  the  side  piste  strain  increases  rapidly  because 
lateral  expansion  of  tho  composite  material  around  the  hole  under  progressive  failure 
causes  increased  friction  load  transfer.  Nevertheless,  the  point  of  initial  failure  is 
clearly  idantlfied  from  the  strain  curve. 

The  problem  of  friction  effects  in  laterally  constrained  compression  bearing  tests 
is  known  to  give  high  values  of  bearing  strength  (8),  and  this  is  shown  by  the  strength 
values  obtained  at  final  failure  from  the  present  tests.  The  apparent  increase  arises 
from  friction  locking  of  material  round  the  hole,  over  an  increased  diameter  of  about 
one  bolt  diameter. 

3.2.5  Conclusions  from  specimen  trials 

The  results  from  the  specimen  trials  established  confidence  in  the  parallel  plate 
method  for  combined  bearing/by-pass  strength  measurement.  For  low  Iced  trcnafer  the 
short  specimen,  type  E,  with  steel  side  plates  the  same  thickness  as  the  CFRP  coupon 
g^ves  bearing  loads  of  up  to  0.2P,  depending  on  the  bolt  fit.  Steel  side  plates  are 
preferred  for  greeter  resistance  to  hole  deformation.  For  double  shear  tasting*  strain 
gauges  on  the  side  pistes  only  are  sufficient,  and  the  same  side  platas  can  ba  used  for 
several  specimens  with  resulting  economy.  However,  the  strains  measured  are  of  the  order 
of  lOOu*'  and  sensitive  measurement  equipment  is  required  for  good  accuracy.  The  strains 
in  the  CFRP  coupon  are  much  greater,  of  the  order  of  lOOOpc  ,  and  consequently  easier  to 
measure.  For  this  reason  it  is  preferable,  but  more  expensive,  to  apply  the  strain  gauges 
to  cither  side  of  the  CFRP  coupon  midway  between  the  bolts.  By  clamping  tha  assembly  to 
prevent  buckling  effects  the  parallel  plate  specimen  can  be  used  for  compressive  loading, 
but  friction  effects  must  be  considered*  For  single  shear  testing  aingls  sided  plates 
can  be  used,  and  they  appear  to  give  the  same  amount  of  load  transfer  as  in  double  shear. 
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The  coupon  Must  bo  strain  gauged  to  monitor  both  load  tranafor  and  secondary  bonding. 

Tho  long  specimen,  pinnod  and  bonded,  was  capable  of  achloving  vary  high  load  trans¬ 
fer  ratios*  With  side  plates  about  twice  the  coupon  thickness,  and  a  bolt  of  sufficient 
diaseter  to  prevent  bending,  load  transfer  of  up  to  0.79P  could  be  achieved*  The  sped- 
sen  was  shown  to  give  a  combined  failure  mode  with  considerable  bearing  deformation 
before  failure  in  a  bearing/tensile  mode*  The  specimens  developed  were  used  to  produce 
the  strength  data  for  sample  strength  interaction  curves. 

4  STRENGTH  INTERACTION  CURVES 

4.1  Tension-bearing  Interaction,  Double  and  Single  Shear,  6.*35  mm  Hole 


The  results  for  tension-bearing  interaction  in  double  shear  (plain  hexagonal  headed 
bolts)  for  6.35  mm  holes  are  shown  in  Fig  17.  The  mean  net  tensile  strength,  from  five 
filled  hole  specimens,  was  970  NPa  with  a  coefficient  of  variation  (CV)  of  3.26%,  The 
bearing  strength  was  determined  for  a  7.9  mm  (5/16  in)  hole  because  6*35  mm  bolts  had 
insufficient  strength  for  the  thickness  of  laminate.  The  value  given  of  1091  NPa  ia  the 
result  from  one  specimen* 

The  Interaction  points  were  obtained  from  seven  specimens  identified  In  the  diagram. 
Specimen  C01,  discussed  in  section  3.2.2  achieved  the  highest  beaming  stress,  limited  by 
bolt  bending  and  hole  elongation.  A06,  A07  and  A08  wer«*  discussed  in  section  3,2.1. 

The  other  three,  B03,  B04  «»id  B05  were  tested  with  the  3ame  pair  of  6  mm  steel  slide 
plates.  As  can  be  seen  the  bearing  stress  varied  considerably  for  thia  group,  depending 
on  the  initial  bolt  fit  and  deformation  characteristics.  This  has  given  a  spread  of  data 
points  useful  in  constructing  the  curve. 

A  tension-bearing  interaction  curve  for  6.35  mm  countersunk  bolts  in  single  sheer 
ia  shown  in  Fig  18.  As  in  the  double  shear  case  only  the  tensile  failure  mode  is  shown 
since  it  ia  impossible  to  achieve  bearing  failures  with  this  bolt  siae.  The  stresses 
were  calculated  assuming  plain  hole  area  loss,  le  ignoring  the  countersink  area.  With 
this  included  the  tensile  stresses  based  on  true  net  area  are  5%  higher  than  those  given. 
The  mean  of  three  filled-hole  specimens  was  used  to  give  the  net  tensile  strength, 

572  NPa  with  CV  of  0.87%*  Specimen  type  0  was  UBed  for  the  interaction  studies,  with 
strain  gauges  attached  either  side  of  the  CFRP  coupon  to  monitor  both  load  transfer  and 
bending.  All  specimens  were  clamped  to  restrict  bending  and  the  strain  results  showed 
this  to  be  less  than  5%  at  the  specimen  centre.  The  lower  group  of  points,  B16  to  B18, 
were  obtained  from  '  specimen  with  a  6  mm  steel  side  plate  whereas  the  upper  group,  G01 
and  G02  used  a  10  i.  •••  teel  side  plate.  As  can  be  seen  the  points  are  grouped  with 
little  scatter  and  at.  interaction  curve  could  be  drawn  easily  through  them. 

4.2  Tension-bearing  Interaction  for  9.5  mm  Bolts  in  Double  Shear 

The  limited  amount  of  testing  with  9.5  mm  bolts  gave  Just  sufficient  data  to  produce 
an  interaction  curve,  given  in  Fig  19.  This  curve  is  based  on  results  from  a  bearing 
test,  a  filled  hole  tensile  test  and  two  interaction  tests.  Of  the  latter,  the  upper 
point  was  obtained  using  specimen  C02 ,  discussed  in  section  3.2.2.  For  this  specimen, 
as  shown  in  Fig  13,  a  distinct  initial  failure  occurred  at  62%  of  ultimate  load  followed 
by  progressive  deformation  up  to  break.  Referring  to  Fig  4,  it  can  be  seen  that  the 
corresponding  bearing  strength  specimen,  C07,  had  the  same  type  of  progressive  failure 
characteristics,  with  initial  bearing  failure  occurring  at  the  same  bearing  stress  of 
about  950  MPa.  Depe>  ding  on  the  design  philosophy,  the  allowable  stress  would  be  set 
between  initial  failure  and  break,  and  it  can  be  seen  from  Fig  19  that  widely  differing 
strength  envelopes  could  result.  Specimen  C06  was  used  to  give  the  other  interaction 
point,  asauming  equal  bearing  load  at  each  hole.  The  tensile  mode  curve  is  therefore 
an  estimate  and  more  results  are  needed  to  confirm  its  position.  It  nevertheless  gives 
a  good  indication  of  the  strength  interaction  characteristics  with  high  bearing  stress. 
Both  strength  modes  were  significantly  reduced  by  interaction,  but  the  initial  bearing 
failure  characteristics  were  unchanged  by  the  presence  of  by-pass  stress.  Thus  it  seems 
that  the  major  strength  interaction  effect  is  the  reduction  of  net  tensile  strength. 

4.3  Compression-bearing  Interaction  in  Double  Shear  for 

6.35  mm  and  9.5  mm  Bolts 

The  compression-bearing  interaction  curve  for  6.35  mm  bolts  is  given  in  Fig  20. 

The  net  section  strength,  from  four  filled  hole  specimens,  was  702  NPa  with  CV  of  3.14%. 
Three  specimens  of  the  type  discussed  in  section  3.2.4  were  used  to  give  the  interaction 
points.  An  estimated  curve  for  the  compression  failure  mode  (initial  failure)  was  drawn 
through  the  limited  number  of  points.  Comparing  thia  with  the  tension  mode  failure  in 
Fig  17  shows  toe  behaviour  in  both  quadrants  to  be  virtually  the  same.  The  points  shown 
for  final  failure  show  much  higher  bearing  strengths  but  are  unrepresentative  of  bearing/ 
bypass  interaction  because  of  the  “friction  locking"  mechahism  discussed  in  section  3.2.4 

The  compression-bearing  interaction  behaviour  with  9.5  mm  bolts  is  shown  in  Fig  21. 
This  envelope  was  constructed  from  the  mean  of  three  net  compression  strength  results,  a 
bearing  strength  result  and  an  interaction  strength  result  using  the  specimens  shown. 
Compared  with  the  tensile  quadrant  (Fig  19)  there  is  little  apparent  interaction  in  the 
compression  mode.  However,  this  may  be  masked  by  the  high  scatter  present  in  the  notched 
compression  results.  The  CV  from  th •  three  tests  was  9%,  considered  high  for  fibre 


controlled  failure,  although  failuree  occurred  in  a  satisfactory  mode  through  the  hole 
centre  In  each  cate.  The  mean  compreeeion  etrength  wee  543  MPa,  82%  of  the  net  teneile 
strength  measured  from  one  specimen. 

The  effect  of  bearing  on  net  compreeeion  failure  mode  ie  shown  in  the  photographs 
in  Pig  22 |  the  fracture  tone  has  moved  from  the  hole  centre  to  a  position  outside  the 
hole  centred  on  the  focus  of  herring  deformation, 

5  DISCUSSION 

The  firet  part  of  the  etudy  compared  test  methods  for  measuring  the  strength  inter¬ 
action  of  bearing  and  by-paea  stresses.  Two  major  specimen  types  were  studied:  multi-hole 
specimens  depending  on  load  sharing  between  a  number  of  bolts  in  a  row  and  parallel  plate 
specimens  depending  on  load  sharing  between  the  CFRP  coupon  and  the  parallel  plates. 
Multi-hole  joints  in  aluminium  alloy  have  been  teeted  successfully  and  the  bolt/hole 
deformation  resulting  from  plasticity  was  found  in  the  limit  to  "equalise"  the  bearing 
load  on  each  bolt,  Thle  limiting  case  would  be  moat  usefu.1  in  CFRP  testing  also  since  it 
would  give  a  means  of  varying  the  ratio  of  bearing  load  to  bypass  load  simply  by  varying 
the  number  of  holes  in  a  row. 

This  concept  was  assessed  with  CFAP/steel  specimens  but  the  relatively  brittle 
nature  of  the  material  prevented  appreciable  equalisation  of  the  bolt  loads.  It  was 
found  that  specimens  with  two,  three  and  four  holes  failed  at  virtually  the  same  load, 
with  the  bearing  stress  concentrated  at  the  first  hole.  A  4-hole  specimen  was  fatigue 
tested  to  "shake-down"  the  stress  concentrations,  and  simultaneously  analysed  using  the 
SPATK  system  to  monitor  load  redistribution  among  the  bolts.  Although  there  was  some 
•  quail; ation  of  the  bolt  loads,  the  effect  was  not  readily  quantifiable.  By  sophisti¬ 
cated  design,  such  as  tapering  the  loading  plates  and  using  "weaker"  bolts,  it  may  be 
possible  to  achieve  a  more  even  load  distribution.  This  would  nevertheless  be  uncertain 
and  dependent  on  predictable  bearing  deformation  characteristics  in  the  CFRP  laminate. 

In  view  of  the  uncertain  bolt  load  diatribution ,  the  multi-hole  specimen  cannot  be 
recommended  for  quantitative  testing  in  combined  bearing  and  by-pass  stress. 

The  parallel  plate  specimen  proved  to  be  more  successful.  It  was  capable  of  apply¬ 
ing  a  wide  range  of  bearing/by-paas  load  ratios,  and  was  economical  of  material.  The 
best  arrangement  was  given  by  steel  plates,  of  the  same  thickness  and  width  as  the 
parallel  CFRP  coupon,  which  were  varied  in  length  to  vary  the  bearing/by-pass  load  ratio. 
For  double  shear  testing  a  symmetrical  assembly  of  two  steel  plates  was  used,  whereas  for 
single  ehear  testing  a  single  steel  plate  was  used,  supported  against  bending  if 
necessary.  The  load  in  the  members  was  determined  from  measured  strain,  either  in  the 
side  plates  or  in  the  CFRP  coupon.  In  double  shear  testing  the  side  plates  only  need 
be  instrumented,  and  the  same  pair  of  plates  car.  be  used  for  many  teats.  For  single 
shear  tests  the  CFRP  coupon  must  be  strain  gauged  to  monitor  both  load  transfer  and  the 
incidence  of  secondary  bending. 

Using  the  two  configurations  of  parallel  plate  specimen  described  in  section  3, 
sample  strength  envelopes  were  produced  for  two  bolt  sises  in  an  XM6-6376  laminate.  In 
practice  the  5.35  mm  bolts  were  not  strong  enough  to  cause  bearing  failure  and  the 
bearing  stress  was  limited  to  about  70%  of  bearing  strength.  Consequently  the  study  was 
limited  to  the  effect  of  bearing  stress  on  net  tensile  strength.  In  the  tension-bearing 
quadrant  for  6.35  mm  holea,  (double  shear)  bearing  stress  significantly  reduced  the  net 
tensile  strength,  up  to  about  18%  for  this  hole  sise.  Similar  interaction  behaviour  waa 
ohovn  for  countereunk  holea  in  single  shear.  The  compression  -  bearing  quadrant  waa  alao 
studied  for  6.35  mm  bolts  in  double  shear.  Friction  effects  after  initial  failure  were 
significant  giving  rise  to  unrepreaentatively  high  bearing  stresses  st  failure.  Never¬ 
theless  the  initial  failure  point  waa  clearly  detected  from  the  lomd-atrain  curves.  The 
interaction  curve  obtained  for  compression  mode  failure  waa  similar  to  that  for  tension 
mode  failure. 

A  limited  amount  of  testing  waa  done  using  9.5  mm  bolts  in  double  shear.  In  this 
case  bearing  mode  failures  could  be  achieved  and  tha  interaction  studies  covered  the  full 
envelope  of  bearing  and  by-pass  strength.  It  was  found  that  the  interaction  behaviour 
for  high  load  transfer  (bearing  mode)  waa  virtually  identical  in  both  quadrants.  A 
difference  occurred  in  notched  strength,  with  compression  atrength  significantly  less 
than  tension  strength.  Some  of  this  can  be  attributed  to  scatter,  but  its  effect  is  to 
reduce  the  strength  interaction  in  compression  compered  with  tension. 

It  is  clear  from  all  the  results  that  the  main  effect  of  interaction  ia  the  reduction 
of  notched  atrength  due  to  bearing  stress.  Thia  is  shown  for  tension  in  Fig  23.  Plain 
holes  in  double  shear  hava  the  greatest  atrength  reduction.  Countersunk  holes  appear  to 
show  very  little  strength  reduction  up  to  30%  load  transfer. 

Clearly,  mors  testing  ia  required,  both  to  confirm  the  ah'ape  of  the  interaction 
curves  and  to  provide  statistical ly  significant  data.  Nevartheleaa  tha  tpacimens 
daveloped  provide  a  convenient  method  of  little  more  complexity  than  simple  coupons. 

6  CONCLUSIONS 

The  parallel  strip  specimen,  as  described,  provides  s  convenient  means  of  experi¬ 
mentally  studying  the  atrength  Interaction  of  bearing  and  by-pass  atreaaea.  It  ia  adapt¬ 
able  for  use  in  double  shear  and  single  shear,  with  different  fastener  type.  The  bearing 
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load  is  most  effectively  controlled  by  varying  the  epeoiaen  length*  aince  this  reduces 
the  effects  of  initial  clearance  and  bolt/hole  deformation.  However ,  the  important  ease 
of  low  load  transfer  can  be  studied  with  a  short  specimen  whioh  is  economical  of  material. 

A  range  of  sample  strength  interaction  curves  were  produced  in  IN6-6376  material* 
for  two  hole  sises  in  both  tension  and  compression.  It  was  concluded  that  the  strength 
envelopes  for  6.35  mm  bolts  in  double  shear  were  virtually  the  same  in  either  stress 
quadrant.  In  the  case  of  the  larger  bolts  (9.5  mm)  there  appeared  to  be  less  interaction 
in  compression  than  in  tension!  although  some  of  the  differences  wsa  accounted  for  by 
scatter  in  net  compression  strength.  Single  shear  (countersunk  fastener)  joints  in 
tension  showed  less  reduction  in  net  strength  than  double  shear  Joints. 

Further  testing  is  underway  at  RAK  to  explore  interaction  behaviour  over  a  range  of 
parametera,  including  countersunk  fasteners  in  compression  and  environmental  tasting. 
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FIG.l  LOAD  DISTRIBUTION  IN  3  HOLE  JOINT 
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StRMARY 

A  combined  experimental  and  analytical  study  ha*  bean  conducted  to  Investigate  th* 
effects  of  simultaneous  baarlng  and  bypass  loading  on  a  graphlte/epoxy  (TS00/S20I)  laalnata. 
Taata  vara  conducted  with  a  taat  Bochina  that  allow*  th*  baarlng-byoaas  load  ratio  to  b* 
controlled  whlla  a  alngla-faatanar  coupon  la  loaded  to  failure  in  either  tent Ion  or  coapraaalon. 
Taat  coupon*  oonalatad  of  l<-ply  quasi- Isotropic  graph It a/apexy  laalnata*  with  a  centrally- 
located  6.35-m  bolt  having  a  clearance  fit,  Onaet-daaag*  and  ultlaata  atrangth*  vara 
dateralnad  for  each  taat  eaaa.  Next,  a  finite  alaaant  atraaa  analyala  waa  conducted  for  each 
taat  eaaa.  Th*  confuted  local  atraaaaa  war*  uaad  with  appropriate  failure  criteria  to  analya* 
th*  obaarvad  failure  node*  and  atrangtha.  An  unexpected  Interaction  of  th*  affect  of  th*  bypaaa 
and  baarlng  load*  waa  found  for  th*  onaat  of  coapraa* Ion- reacted  baarlng  danag*.  Thta 
Interaction  waa  cauaad  by  a  dacraaa*  in  th*  bolt-hola  contact  arc  and  a  corraapondlng  lncraaaa 
In  th*  aavarlty  of  th*  baarlng  load*.  Th*  anount  of  bolt-hole  contact  had  a  algnlf leant  affect 
on  local  atraaaaa  and,  thua,  on  th*  calculated  daaaga-onaot  and  ultlnat*  atrangtha.  An  offset- 
coapraaalon  failure  nod*  waa  ldantlflad  for  laalnata  failure  under  coapraaalon  baarlng-bypaaa 
loading.  Thla  fall-ira  nod*  appear*  to  b*  unique  to  coapraaalon  baarlng-bypaaa  loading  and, 
therefor*,  cannot  ba  predicted  froa  aiapl*  taata. 


UST  OF  SYMBOLS 


R 


C  bolt-hole  clearance,  a 

d  hoi*  dlaaatar,  a 

Pa  applied  load,  N 

bearing  load,  H 

Pp  bypaaa  load,  N 

S)>  naalnal  bearing  atrcaa,  HP* 

S  noalnal  nat-aactlon  bypaaa  atraaa,  NPa 

np 

r,  #  polar  coordinates,  a,  dag 

t  apaclaon  thlcknaaa,  a 

w  apaclaan  width,  a 

x,y  Cartaalan  coordinate* ,  a 

fi  baarlng-bypaaa  ratio 

bolt-hole  contact  half-angle  for  slnql*  contact,  dag 

Ij  aacondary  bolt-hola  contact  half -angle  for  dual  contact,  dag 

*rr  radial  atraaa  coaponant.  NPa 

tangential  atraaa  coaponant,  NPa 


INTRODUCTION 

In  th*  paat,  coapoalta  joint*  have  often  bean  daalgnad  ualng  rather  alapla  aatala-baaod 
procedure*  without  encountering  aarioua  problem*.  In  moat  auch  eaaaa,  th*  atructural  doaign 
atrelna  hav*  been  Halted  by  daaaga- tolerance  cone ldarat Iona,  and  at  low  structural  strain 
level*,  th*  Joints  hav*  been  adequate.  However,  aa  tougher  composites  corn  Into  use,  th*  dealgn 
strain*  will  rise  and  at.uctural  Joining  raqulreaent*  will  become  Bore  critical.  Analytical 
design  procedures  for  joints  should  be  baaed  on  a  sound  underatandl.rg  of  th*  raapons*  of 
eoaposlt*  materiel*  under  loading  conditions  similar  to  those  In  multi-fastener  joint*. 

Within  multi -l.atener  Joints,  fastener  holes  may  be  subjected  to  both  bearing  loads  and 
loads  that  bypaaa  the  hole,  as  shown  in  figur*  1.  The  ratio  of  the  bearing  load  to  the  byptss 
load  depends  on  th*  Joint  stiffness  and  configuration.  As  th*  joint  la  loaded,  this  bearing- 
bypass  ratio  at  each  fastener  remains  nearly  constant  until  damage  bagln*  to  develop.  In 
general,  different  bearing-bypass  ratios  produce  different  failure  nodes  and  strengths  for  each 
fastener  hole.  Th*  laminate  response  can  be  studied  by  testing  a ingle- fastener  specimens  under 
bearing  bypaaa  loading,  but  auch  teats  ere  usually  difficult.  Th*  first  objective  of  th* 
present  paper  la  to  describe  a  relatively  simple  approach  for  th*  bearing-bypass  testing  of 
single-fastener  coupons.  This  approach  uses  two  hydraulic  servo-control  system*  to  apply 
proportional  bearing  and  bypaaa  loads  to  a  specimen  with  a  central  hole.  Tha  second  objactiv* 
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of  chit  paper  It  to  prtttnc  bearing-bypass  strength  data  for  a  wide  rang*  of  baaring-bypass 
ratloi  in  both  tanalon  and  comprea.ti.on.  Pravlout  data  In  the  literature  have  been  rather 
limited,  eapeclally  fur  compreteion.  The  teat  specimens  were  mads  of  T300/5208  graphite /epoxy 
in  a  16-ply  quasi- Isotropic  layup.  The  bearing  loads  wars  applied  through  a  clearance-fit  steel 
bolt  having  a  nominal  dlamater  of  6.35  mm.  Tie  test  results  are  presented  as  hearing-bypass 
diagrams  for  damage-onset  strength  and  for  ultimate  strength.  The  corresponding  damage  modes 
were  determined  by  radiographing  each  specimen  after  tenting; 

The  third  objective  of  this  study  was  the  analysis  of  the  bearing-bypass  test  results 
using  the  local  strassss  around  the  bolt  hole,  computed  for  combined  bearing  and  bypass  loading. 
These  stresses  were  calculated  using  a  finite  element  procedure  that  accounted  for  nonlinear 
bolt-hole  contact.  The  corresponding  contact  angles  were  calculated,  as  well  as  the  local 
stress  distributions.  The  stresses  were  used  to  compute  the  damage -onset  and  ultimate  strengths 
for  the  range  of  bearing-bypass  rest  conditions.  The  computed  strengths  were  used  to  discuss 
the  test  trends. 


BEARING  BYPASS  TESTING 
lust  Procedure 

The  test  specimen  configuration  and  loading  combinations  are  shown  In  figure  2.  The 
graphlte/epoxy  specimens  ware  machined  from  a  single  [0/4.S/90/-45]2s  panel.  The  bolt  holes  were 

machined  using  an  ultrasonic  diamond  core  drill.  They  were  then  carefully  hand- reamed  to  produce 
a  clearance  of  0.076  mm  with  the  steel  bolts.  This  clearance,  1.2  percent  of  the  hole  diameter, 
Is  typical  of  aircraft  Joints. 

The  test  system  used  in  this  study  Is  shown  schematically  In  figure  3.  The  center  of 
the  specimen  Is  bolted  between  two  bearing- reaction  plates  that  are  attached  to  the  load  frame 
using  two  load  cells.  The  ends  of  the  specimen  are  then  gripped  and  loaded  independently  by  two 
servo-control  systems  (called  "upper*  and  "lower"  in  figure  3) .  Any  difference  between  these 
two  end  loads  produces  a  bearing  load  at  the  central  bolt  hole.  This  bearing  load  is  measured 
by  the  load  cells  under  the  hearing-reaction  plates.  The  end  lords  are  synchronized  by  a  common 
Input  slt;:.-'l;  as  a  raault,  ?  constant  bearing-bypass  ratio  is  maintained  throughout  each  test. 

A  photograph  of  tha  apparatus  Is  shown  In  flgura  4.  This  photograph  shows  the  friction 
gri^s  that  load  each  end  of  the  specimen  and  the  head  of  the  steel  bolt  that  attaches  the 
specimen  to  the  bearing- reaction  plates.  Only  a  small  portion  of  the  specimen  edge  Is  visible. 
Notice  that  the  beerlng-reactlo:  plates  sre  boltsd  to  the  bearing  load  cells,  allowing  either 
tension  or  compression  bearing  ioada.  During  compression,  the  bearin'  eactlon  plates  prevent 
specimen  buckling.  Although  not  visible  in  this  photograph,  harden*  .  steel  bushings  were  used 
between  the  bolt  a  .d  the  bearing- 1 eactlon  plates.  Those  12./  . urn  cu ;hlrgs  were  machined  for  a 
sliding  fit,  allowing  the  bolt  clamp-up  force  to  be  transmitted  to  the  local  region  around  tha 
bolt  hole.  This  arrangement  was  equivalent  tc  having  a  clamp-up  washer  directly  against  the 
side  of  the  specimen  as  was  used  in  references  1,  2,  and  3.  For  the  present  tests,  the  bolt 
was  finger  tlghtanad  (about  0.2  Nm  torque)  to  produce  a  very  small  clamp-up  force  against  the 
specimen. 

The  loading  notations  for  tension  and  compression  testing  are  shown  in  figure  2(b).  All 
tests  were  conducted  at  s  rather  slow  loading  rate  of  3.75  N/s.  The  results  are  reported  in 
terms  of  nominal  bearing  stress  and  nominal  net-section  bypass  stress  S^,  calculated 

using  the  following  equations; 

Sb  -  Fb  /  td 

Snp  -  Pp  t  t  <"  -  «> 

where  t  le  epeclaen  thickness  end  w  is  the  width.  The  beering- bypeas  ratio  0  Is  defined 

es 

*  ■  Sb/Snp 

Throughout  aach  test,  the  specimen  deformation  was  maasurad  by  displacement  transducers. 
Thtse  transducers  were  mounted  symmetrically  on  the  front  and  bsck  of  the  bearing- reaction 
plates,  see  figure  4.  (These  plates  were  made  from  nonmagnetic  347  stainless  steel  so  they 
would  not  affect  tha  transducers.)  The  transducer  rods  rested  on  small  bars  that  wera  cemented 
to  the  specimen  slightly  above  the  grip  line.  This  arrangement  provided  a  measurement  of  the 
relative  displacement  between  the  bearing-reaction  platos  and  the  specimen.  These  measurements 
were  used  to  determine  the  onset  of  damage . 

The  bearing  and  bypass  loads  wars  plotted  against  the  specimen  displacement,  shown  for  a 
typical  case  In  figure  5.  Both  the  bearing  and  bypass  curves  have  a  small  Initial  nonlinearity 
(probably  dua  to  varying  bolt-hole  contact)  but  gradually  develop  s  nearly  linear  response.  At 
higher  load  levels,  the  curves  gradually  develop  a  second  nonlinearity ,  which  indicates  damage 
at  tha  bolt  hols,  as  mentioned  In  reference  3.  An  offset  of^  O.OOld  was  selected  to  define  the 


damage-on*et  load,  aa  Indicated  In  figure  5.  Son*  specimens  war*  uulosded  after  the  damage- 
onaat  load  level  and  were  then  treated  with  an  X-ray  opaque  dye-penetrant  and  radiographed  to 
datnralne  the  damage -onsot  node. 
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Figure  6  shows  radloqrsphs  of  four  daaage-onaet  nodes,  tor  tension  dominated  loading, 
tha  damage  developed  In  the  net-section  tension  (NT)  node,  figure  6(a).  The  gray  shadows  show 
delomlnstious  and  the  dark  bands  indicate  ply  splits  The  cenalon-reacted  bearing  (TRB)  and 
compression -reacted  bearing  (CRB)  damage  nodes  are  quite  ilnllar,  as  expected,  and  appear  to  be 
dsianlnatlct.  dominated.  The  net-section  coap.'esslon  (SC)  node  Involves  t.  .her  discrete  damage 

o 

*on*a  extending  firou  the  hole.  This  damage  was  probably  ceased  by  nlcrobuckling  In  the  0 
piles. 


The  measured  and  S  valuaa  corresponding  to  danage  onset  are  plotted  against  one 

another  in  figure  7,  as  a  ao-callad  bsarlng-bypa.os  diegvan.  Each  opan  symbol  represents  the 
average  of  three  tests  and  the  tick  narks  indicate  the  range  of  the  neasured  strengths,  plotted 
along  lines  of  constant  fi.  The  data  In  figure  7  la  also  given  In  Table  1.  The  right  aide  of 
figure  7  shows  tanaion  raaulta  for  four  fi  valuus  (0,  1,  3,  •») .  The  symbol  on  the  s  axis 

represents  the  all  bypass  loading  in  tension  (fi  -  0).  The  NT  next  to  the  symbol  indicates  net- 
section  tension  danage.  Aa  axpactad,  a).'  tha  teat  cates  with  NT  danage  can  be  represented  by  a 
straight  line  and,  thus,  show  the  linear  interaction  discussed  in  references  3  and  4.  This 
linearity  suggests  that  tha  local  stresses  due  to  bearing  loading  and  those  due  to  bypass 
loading  each  contribute  directly  to  failure.  The  ‘bearing-cutoff*  line  was  drawn  through  the 
fi  -  ■  data  point.  Tha  daaaga-onset  strengths  fer  the  all  bearing  tension  case  (fi  -  «)  end  the 
all  bearing  compression  case  (fi  -  -«)  differ  by  about  three  percent.  However,  the  bearing- 
cutoff  line  used  for  tension  dots  not  appear  to  apply  for  compression.  The  CRB  damage  mode  was 
found  at  fi  -  -l  for  a  much  lower  strength  level.  The  conpresalve  bypass  load  had  a  somewhat 
unexpected  affect  on  tha  onaet  of  bearing  danage.  Tha  bearing  failure  for  combined  bearing  and 
bypass  loading  was  analysed  In  refaranca  3  and  resulted  fron  a  decrease  In  the  bolt-hole  contact 
angle  caused  by  the  conpresalve  bypass  load.  For  the  all  bypass  compressive  loading  (fi  -  -0) , 

NC  damage  initiated  at  -422  Mia,  which  is  such  largar  than  the  expected  compression  strength  for 
this  laminate.  This  suggests  that  *dual”  bolt-hole  contact  developed,  allowing  the  load  to 
transfer  across  tha  hole,  and,  therefore,  produced  e  higher  strength.  This  will  be  discussed 
later  In  an  analysis  of  the  bolt-hola  contact. 

Tha  bearlng-bypaas  dlagraa  for  the  ultlnate  strengths  (solid  symbols)  la  shown  In  figure 
8.  To  evaluate  the  progression  of  danaga  from  onaat  to  ultimata  failure,  the  damage-onset 
curves  are  raplottad  from  figure  7.  A  general  comparison  of  these  two  seta  of  results  shows 
that  the  specimens  failed  Immediately  after  damage  onaat  when  an  all  bypass  loading  (fi  -  0  and 
•0)  was  used.  In  contrast,  for  tha  all  bearing  loading  (fi  -  ■>  and  -•) ,  the  specimena  failed  at 
considerably  higher  loads  than  required  to  Initiate  damage.  Also,  when  bearing  and  bypass  loads 
wars  combined,  tha  specimens  showed  additional  strength  after  damage  onset,  more  so  In 
compression.  A  comparison  of  tha  damage  modea  Indicated  In  figure  8  shows  that  the  onset-damage 
mode  was  tha  ultimata  failure  mode  In  moat  cases.  The  exception  occurred  for  the  compressive 
bearing-bypass  loading.  For  fi  -  -3,  the  damage  initiated  In  the  CRB  mode  but  the  specimen 
felled  lr.  a  different  mods,  referred  to  here  es  the  offset- compression  (OSC)  mode.  Figure  9 
shows  a  specimen  that  failed  In  the  OSC  mode.  The  failure  la  typical  of  a  compression  failure 
but  developed  away  from  the  specimen  net -section.  The  light  region  near  tha  fracture  is  a  solid 
film  lubricant  that  transferred  from  tha  bsarlng-rsactlon  plate  when  the  specimen  failed.  The 
offset  of  the  tellurs  from  tha  net  section  la  believed  to  be  caused  by  the  CRB  delamlnatlon 
damage  extending  beyond  the  claap-up  area  around  the  hole,  thereby  Initiating  a  compression 
failure  away  from  the  hole.  This  transition  from  the  CRB  damage-onset  mode  to  the  OSC  failure 
mode  coulu  alao  happen  In  multi-fastener  joints  and,  therefore,  may  be  an  additional 
complication  whan  Joint  strength  predictions  are  made  for  comprtsslve  loadings. 


STRESS  ANALYSIS 

In  this  section,  first,  the  stress  analysis  procedures  are  briefly  described.  Then, 
stresses  at  the  hole  boundary  are  shown  for  selected  combinations  of  bearing-bypass  loading  in 
tension  and  compression.  These  stress  results  are  then  used  In  the  next  section  to  calculate 
the  specimen  strengths  for  tha  various  damage  modes  obssrved  In  the  bearing-bypass  tssts. 

Finite  Element  Procedures 

Tha  finite  element  procedures  used  In  this  study  were  presented  and  evaluated  In 
rafarance  5.  When  a  bolt  clearance  Is  ustd,  as  In  the  present  study,  the  contact  angle  at  the 
bolt-hole  Interface  variaa  with  applied  load,  as  shown  in  figure  10.  Using  the  inverse 
technique  described  In  reference  5,  this  nonlinear  problem  is  reduced  to  a  linear  problem.  In 
this  technique,  for  a  simple  bearing  loading,  a  contact  angle  Is  assumed  and  tha  corresponding 
bearing  load  la  calculated.  This  procedure  is  rspaatad  for  a  range  of  contact  angles  to 
establish  a  relationship  between  contact  angle  and  bearing  load.  In  the  present  study,  this 
technique  was  axtandad  to  include  combined  bearing  and  bypass  loading.  For  each  bearing-bypass 
ratio  fi,  tha  combined  bearing  and  bypass  loading  was  expressed  in  terms  of  bearing  stress 

and  fi,  Thus,  for  a  given  fi,  tha  procedure  was  Identical  to  that  used  in  reference  5.  This 
procedure  was  rspaatad  to  establish  a  relationship  between  contact  angla  and  bearlng-bypaas 
loading  for  each  fi  value  In  the  test  program. 
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These  calculation!  vara  dona  using  th«  NASTRAN  finite  alaaant  coda.  This  coda  i*  well 
suited  for  the  inverse  technique  because  the  contact  of  the  bolt  end  the  hole  can  ba  represented 
using  displacement  constraints  along  a  portion  of  Che  hole  boundary.  Displaced  nodes  or.  the 
hole  boundary  were  constrained  to  )la  on  a  circular  at;  correapcnding  to  the  bolt  surface.  This 
represent  a  rigid  bolt  having  a  frictionlaaa  Interface  with  the  hole.  A  very  fine  two- 
dimensional  aosh  was  used  to  model  the  teit  epeclmen.  Along  the  hole  boundary,  elements 
o 

subtended  lass  than  1  of  arc.  Aa  a  result,'  the  contact  arc  could  ba  modeled,  very  accurately. 

Stress  Results 

Figure  11  shows  the  hole-boundary  atraaa  distributions  for  three  tension  loading  cates. 
The  first  cast  is  an  all  bypass  tension  loading  (ft  -  0) ;  tht  hole-boundary  tangential  stress 

0 

,  is  shown  as  a  daah-dot  curve.  It  has  the  expected  peek  at  i  -  90  ,  the  specimen  net- 
section.  Tht  value  of  this  peak  can  ba  used  to  predict  the  applied  load  tor  damage  onset 

in  the  NT  mode,  ac  demonstrated  in  reference  2.  The  eecond  case  in  figure  11  represents  an  ell 
bearing  tension  loading  (fl  -  «>)  of  400  MPa  with  sero  clearance  between  the  bolt  and  the  hole; 
ofl  and  «rc  are  shown  as  dashed  curvet,  the  peak  value  of  the  ?rr  curve  governs  the 

o 

bearing  damage  onstt.  Tht  »rr  curve  also  indicates  a  contact  angle  of  about  82  ;  the  peak 
value  In  the  curve  occurs  slightly  beyond  the  end  of  the  contact  angle.  The  third  case  in 

figure  11,  the  solid  curvet,  also  represents  an  all  bearing  case  with  -  400  MPa,  but  with 
the  0.076  on  elearsnee  used  in  the  testa.  Comparison  of  tht  a  curves  for  the  two  all 

e 

bearing  cases  shows  that  the  claaranca  reduced  the  contact  angle  by  about  20  and  Increased  the 
o  beering  stress.  Thus,  clearance  tends  to  decreaaa  bearing  strength. 


Hole-boundary  stresses  for  tenelon  bearing -bypeea  loading  are  shown  In  figure  12.  These 
results  correspond  to  a  bearing  stress  of  400  MPa  with  three  tension  bypass  stress  fi 

levels.  The  o  curves  shew  that  Increasing  Snp,  the  bypass  load,  caused  the  contact  angle 

to  Increase.  However,  the  peak  o^r  value  changed  very  little  for  increasing  S  ,  suggesting 

that  tension  bypass  loading  has  little  Influence  on  the  bearing  strength.  In  contract, 
increasing  the  tension  bypass  stress  levels  produced  higher  peaks,  which  corresponds  to 

lower  net-section  tension  strengths. 

Hole-boundary  stresses  for  compression  bearing-bypass  loading  ars  shown  in  figura  13. 
Again,  the  bearing  stress  was  400  MPa.  The  »rr  curvet  ahov  that  increasing  the 

compressive  Snp  value  produced  smaller  contact  angles  end  correapondingly  higher  peek 
values.  This  shows  that  the  value  of  S  influences  the  bearing  strength,  as  shown  previously 
in  flgurs  7.  The  tensile  peaks  were  nearly  the  same  for  the  range  of  values  but  the 

°rr  compreaalve  peaks  varied  widely.  The  curve  for  $  -  500  MPa  illustrates  dual  contact; 

0 

notice  the  *  contact  atresa  near  I  -  180  . 

The  contact  angle  trends  discussed  in  figures  12  and  13  ars  summarised  In  figure  14. 

The  contact  angles,  and  Ij  defined  by  the  insert,  are  ehown  for  a  range  of  tension  and 

compression  bypass  loadings  with  3b  -  400  MPa.  Increasing, the  tensile  bypass  loading  increased 
while  increasing  the  compressive  bypass  loading  had  the  opposite  effect.  The  email  Jog  in 
the  curve  at  Snp  -  0  la  caused  by  the  small  difference  between  tenrion-reacted  bearing  and 

compression-reacted  bearing.  Notice  that  duel  contact  initiated  for  a  compressive  bypass  stress 
of  about  450  MPa.  The  secondary  contact  angle  increased  rather  abruptly  as  the  compressive 

S  exceeded  this  value.  Additionally,  the  decreasing  :rend  for  reversed  when  dual 

contact  developed.  Dual  contact  provide*  a  path  for  the  applied  load  to  "bridge"  across  the 
hole  rather  than  divert  around  it.  This  reduces  the  stress  concentration  in  the  net  section  and 
produce!  higher  nut-section  compression  strength  than  with  no  dual  contact. 


STRENGTH  CALCULATIONS 

As  previously  mentioned,  leminata  itrengtha  for  bearing-bypass  loading  wars  calculated 
using  tha  local  atresias  at  the  bolt  hole.  These  calculations  wars  used  to  study  tha  strength 
trends  for  tha  range  of  loading  combinations  and  ths  different  failure  modes.  The  damage-onset 
strengths  were  calculated  using  the  peak  hole-boundary  stresses,  as  in  reference  2.  The  onset 
of  damage  was  assumed  to  occur  when  the  peak  holt-boundary  stress  reached  a  critical  value  for 
each  damage  mode.  For  each  aearursd  damage-onset  strength,  the  peek  etrese  was  calculated  and 
the  average  of  the  peaks  in  each  damage  mode  was  assumed  to  be  the  critical  value  for  thst 
damage  mode.  The  following  critical  valuta  ware  calculated  for  each  damage  -node:  869  MPa  for 
NT;  -760  MPa  for  TRB ;  -6G8  MPa  for  CRB;  end  -81?  MPa  for  NC.  The  solid  curves  in  figure  15 
represent  the  damage-onset  strengths  calculated  in  this  manner.  The  average  damage-onaet 


strength  data  from  figure  7  are  replotted  »s  open  symbols  In  figure  15.  The  calculated  curves 
agree  with  the  data  trends  for  strength.  Also,  the  calculated  danage  modes  agroe  with  those 
discussed  earlier.  This  demonstrates  that  danage -onset  strengths  can  be  predicted  from  the  peak 
hole-boundary  stresses  If  a  critical  stress  value  la  knovn  for  each  danage  mode. 

The  ultimate  strengths  for  bearing-bypass  loading  were  calculated  using  the  well-known 
point-stress  criterion  (reference  6).  The  stress  distribution  calculated  along  the  observed 
direction  of  dsnage  growth  near  the  hole  was  compared  with  the  laminate  strength  to  determine  a 
characteristic  dimension.  This  failure  theory  waa  fit  to  the  test  data  for  each  failure  mode  to 
determine  an  average  characteristic  dimension.  The  following  characteristic  dimensions  were 
determined  for  each  failure  mode:  2.44  am  for  NT;  2.22  am  for  TRB ;  3.87  mm  for  CRB;  8.89  mm  for 
OSC;  and  2.34  mm  for  NC.  The  strength  calculations  must  agree  with  the  data  averages  for  each 
failure  mode.  As  expected,  the  calculations  also  agreed  with  the  trends  for  the  strength  deta, 
as  shown  by  the  dash-dot  curves  and  solid  symbols  in  figure  15. 

The  correlation  between  the  strength  calculations  and  the  strength  measurements  In 
figure  IS  suggests  that  a  combined  analytical  and  experimental  approach  could  be  used  to  predict 
bearing-bypass  diagrams  from  a  few  tests.  Such  tests  could  bo  conducted  for  the  all  bypass 
(0  -  0)  and  the  all  bearing  (0  -  •>)  cates  to  determine  the  critical  material  strength 
parameters,  which  could  then  be  used  with  itresa  analysis  to  construct  curves  for  the  more 
complicated  cases  of  bearing-bypass  loading.  This  approach  seems  viable  for  tension  bearing- 
bypass  loading  because  only  two  failure  modes  are  involved.  But  for  compression  loading,  there 
are  three  ultimate  failure  modes.  The  OSC  mode  occurs  only  for  combined  bearing  and  bypass 
loading,  so  this  failure  mode  cannot  be  evaluated  using  simple  loading.  Therefore,  strength 
calculations  for  compression  would  require  boarlng-bypass  tests  for  at  least  one  0  vf-lue  to 
find  the  OSC  material  strength  parameter. 


CONCLUDING  REMARKS 

A  combined  experimental  and  analytical  study  has  been  conducted  to  Investigate  the 
effects  of  combined  bearing  and  bypass  loading  on  a  grnphlte/apoxy  (T3nr'/5208)  laminate.  Tests 
were  conducted  on  single-fastener  specimens  loads.  In  either  tension  or  compression.  Test 
specimens  consisted  of  16-ply,  quasi- isotropic  graphlte/epoxy  laminates  with  a  centrally- located 
hole.  Bearing  loads  were  applied  through  a  steal  bolt  having  a  clearance  fit.  Onset  damage, 
ultimate  strengths,  and  the  corresponding  failure  modes  were  determined  for  each  test  case.  A 
finite  element  procedure  was  used  to  calculate  the  local  stresses  around  the  bolt  hole . 

A  dual-control  teat  system,  described  In  this  paper,  was  used  to  successfully  measure 
laminate  strengths  for  a  wide  range  of  bearlng-Lypass  load  ratios  In  both  tension  and 
compression.  The  tension  data  showed  the  expected  linear  Interaction  for  combined  bearing  and 
bypass  loading  where  the  damage  developed  In  the  net-section  tension  mode.  However,  the  bearing 
damage -onset  strengths  in  compression  showed  an  unexpected  Interaction  of  the  effects  for  the 
bearing  and  bypass  loads.  Compressive  bypass  loads  reduced  the  bearing  onset  strength.  The 
compressive  bypass  loading  decreased  the  bolt-hole  contact  arc.  which  increased  the  se-’erlr /  of 
the  compressive  bearing  loads.  Compressive  bearing -bypass  loading  also  produced  an  off-set 
compression  (OSC)  failure  mode,  not  previously  reported  in  the  literature. 

The  present  stress  analyses  showed  that  combined  bearing  and  bypass  loading  car.  have  a 
significant  Influence  on  the  bolt-hole  contact  anglee.  These  contact  angles  had  a  strong 
Influence  on  the  local  stresses  around  the  hole;  they  must,  therefore,  be  accurately  represented 
In  strength  calculation  procedures  that  are  based  on  local  stresses. 

Although  the  trends  In  the  bolt-hole  strength  for  combined  bearing  and  bypass  loading 
were  accurately  calculated  using  local  stresses  together  with  failure  criteria,  some  bearing- 
bypass  testing  Is  required  to  predict  the  compression  response.  The  laminate  response  under 
compression  bearing-bypass  loading  involved  the  OSC  failure  node,  which  cannot  be  evaluated  by 
simple  loading  conditions.  Therefore,  predictions  of  laminate  bearing-bypass  strengths  may  neod 
to  be  combined  with  selected  bearing-bypass  testing  to  account  for  the  off-set  compression 
failure  mode. 
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Tabla  1  Laalnata  strangtha  (or  baarlng-bypaaa  loading. 


Baarlng- 

bypaaa 

ratio,  fi 

Daaaga-Onaot 

Ultlaata  Falluro 

(MPa) 

Snp 

Hoda 

^  (MPa) 

S__  (MPa)  Modo 
np 

Tonal on 

0 

0 

304 

NT 

0 

330 

NT 

1 

237 

237 

NT 

263 

263 

NT 

3 

468 

156 

NT 

648 

216 

NT 

m 

542 

0 

TRB 

812 

0 

TRB 

Coaoraialon 

-0 

0 

-422 

NC 

0 

-422 

NC 

-1 

314 

-314  CRB/NC 

461 

-461 

OSC 

-3 

498 

-166 

CRB 

759 

-253 

OSC 

-• 

528 

0 

CRB 

853 

0 

CRB 

Figura  1 


Baarlng-bypaaa  loading  within  a  aulti-faataner  joint. 
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(a)  Test  specimen 


(b)  Bearing-bypass  loading 


Figura  2  Spacinan  configuration  and  baarlng-bypaaa  loading. 
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Flgura  3 


Block  diagraa  of  tha  baarlng-bypaaa  taat  aygten. 


Figura  13 


Straaa  diatributlona  tox'  eoapraaalon  baarlng-bypaaa  loading* 
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Strength  calculation*  for  damaaa-onaat  and  ulclaata  falluro  atrangtha 


Bolted  Joints  In  Composites 
Prlmery  Structures 
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Avda.  John  Lennon  s/n,  titift,  Htd’-ld,  Spain 


ABSTRACT 

tn  th«  design  of  composite  ports  In  primary  structures,  It  Is  necessary  to  use  bolted  joints  because 
of  inspection  requirements  tnd  tin  need  for  partial  disassembly,  repelrebllity,  occoss  to  the  structure 
ond  for  annufocturlng  brooks. 

The  proven  Methodology  for  bolted  Joints  In  metallic  structures  connot  directly  be  opplted  to  bolted 
joints  In  conposltes  becouse  oft  material  onlsotropy,  susceptibility  to  the  envIronMint  ond,  specially, 
due  to  the  brittle  behevlour  of  typlcol  corbon/epoxy  joint  members  up  to  ultlMtto  failure. 

In  typlcol  highly  looded  multlrow  joints,  o  tension  type  follurr  gennrolly  occurs.  Peek  tengenclal 
stresses  ot  the  edge  of  fostener  hole  produces  fibres  break-out.  Stress  concentretlon  Sectors  governs 
the  fellure,  es  In  netol  joints  under  fetlgue  loeds. 

A  Methodology  for  coMpostte  bolted  joints  enelysls  Must  be  eble  to  sloe  eny  pertlculer  joint  design, 
evoldlng  the  need  for  detell  design  tests.  The  epproech  under  the  present  work  is  beted  on  e  Methodology 
developed  by  J.L.  Hart-Smith  (Bougies.  Long  Beech)  which  correletes  stress  concentretlon  fectors  In 
elastic-isotropic  materials  with  those  which  eppeer  tn  coMposItes,  by  neens  of  in  empirically  deteneined 
"relief*  Sector. 

T.-iA  hes  developed  e  test  plen  which  Includes  severel  hundreds  of  coupons.  Beslcelly,  beering 
strength  ellowebles  end  stress  concentretlon  fectors,  ere  Investtgeted.  The  plen  coders  double  end  single 
sheer  speclMens,  environmental  effects  (cold-dry  end  hot-wet),  different  resin  systems  end  festeners,  end 
verlous  loedlng  conditions.  Provisions  for  eveluetlng  hole  site  effect  ere  elso  node. 


LIST  OF  SYMBOLS  AND  SUBSCRIPTS 


Symbols 

C  !  Correlation  coefficient  between  stress  concentretlon  factors  tn  comoosltes  end  elastic  Isotro¬ 
pic  neterlels. 

d  :  (itaneter 

e  :  End  nergtn  (Measured  fron  the  center  of  the  hole  to  the  plate  end  perpendicular  to  the  load). 

K  :  Stress  concentretlon  factor. 

-  elastic  Isotropic  Materials  (e) 

Kbne  s  tensile  stress  concentretlon  factor  due  to  bearing  load  end  based  on  net  tension 

stress. 

Ktne  tensile  stress  cocentretlon  factor  due  to  tension  bypass  load  end  based  on  net 

stress. 

-  composites 

Kbn  :  tensile  stress  concentration  factor  due  to  bearing  load  end  based  on  net  tension 

stress. 

Ktn  :  tensile  stress  concentretlon  factor  due  to  tension  bypass  load  end  based  on  net 

stress. 

P  s  Load 

t  :  Laminate  thickness 


Subscript* 
b  t  leering 

t  :  Tent  Ion  bypass 
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INTNOOUCTION 


The  Increased  appl Icatlon  of  advanced  composites  In  aircraft  structures  hit  resulted  in  •  substantial 
reduction  of  th«  “part  count*  tnd  subsequently  •  reduction  of  attachments  ind  joint*.  However,  joint*, 
«nd  specially  bo  1  tod  joint*,  r*  still  required  boenu**  of  Inspection  requirements  *nd  tho  noou  fo-  par- 
tlnl  disassembly,  repalrabtlit  nccot*  to  tho  structure  and  for  manufacturing  brook*. 

Philo  methodology  for  boltod  joint*  In  METAL  ttructuro*  It  woll-ottabllshod  *nd  tupportod  by  many 
year*  of  to*t*  ond  hardware  o.porloncn,  o  dlroct  odoptttlon  of  design  pollclot  end  analysts  procodurot  to 
COMPOSITE  boltod  joint*  1*  no.  possible,  mainly  bocouto  of:  material  mltotropy,  Influonco  of  layup,  <1f* 
foront  folluro  aodot  ond  environmental  susceptibility. 

Duo  to  tho  cooperatively  brittle  bohovlour  of  typlcol  carbon  epoxy  joint  membort  up  to  ultlsato  fai¬ 
lure,  tho  "forgiving*  faaturo*  of  ootal  joint*  at  ultlsato  load  am  sitting.  I.o.  high  Aictlllty  and  lo¬ 
cal  redistributions  and  ottontlally  no  ttrat*  rltort,  Tho  load-thartng  analytic  for  cospoilto  joint*  at 
ultlsato  load  thoroforo  requires  a  careful  modelling  of  tho  joint  under  consideration,  of  joint  member* 
and  fastener  stiffness,  conceptually  similar  to  the  analysis  of  metal  Joints  under  operating  (fatigue) 
load*. 


KNOW  YOU*  LOADS 


Many  aircraft  structures,  specially  those  made  of  composite  materials,  are  currently  being  analyaed 
using  finite  element  modelling.  This  structural  analysis  account  for  grots  element  stiffness  to  solve  re¬ 
dundant  internal  load  distribution.  It  Is  common.  In  such  analysis,  to  model  bolted  Joints  areas  without 
Including  fasteners  and  associated  flexibilities,  because  of  economic  limitations  tnd  the  small  contribu¬ 
tion  of  loral  Joint  structure  to  overall  structural  deformation. 

Once  external  loads  which  act  on  joints  are  obtained,  a  conventional  analysis  will  determine  the  load 
distribution  at  fasteners.  It  could  require,  as  In  the  particular  multirow  Joint  >/*  Fig.  1,  a  load  sha¬ 
ring  analysis  which  can  use  analytic  clcse  form  procedures  or  finite  element  modelling  for  more  complex 
joints. 

This  analysis  will  account  for  the  flexibility  of  each  fastener  as  a  function  of  fastener  stiffness, 
joint  member  stiffness  and  load  eccentricity. 


Fla.  1  LAMINATE  DETAIL  LOADS 


The  load  sharing  analysis  will  provide  the  analyst  with  the  load  transferred  by  the  fastener  (Pp)  and 
the  bypass  loads  (Pt)  on  the  laminate.  Then,  a  detailed  stress  analysis  must  be  performed.  Tills  analysis 
deals  with  the  determination  of  fie  stress  distribution  at  the  vicinity  of  the  hole. 


STATE-OF-THE-ART  ON  JOINT  AWAITS  IS 


Stress  analysis 

The  work  under  Reference  1  considers  theoretical  and  empirical  approaches  to  determine  stress  distri¬ 
bution. 

State-of-the-art  theoretical  approaches  Include  analytic,  finite  element  and  strength  of  materials 
approximation  methods. 

The  analytical  methods  are  formulated  from  a  two-dimensional  anisotropic  elasticity  tneory.  One  of 
these  methods  Is  the  'Bolted  Joint  Stress  Field  Hodel  (BJSFM)"  which  has  been  developed  at  McDonnell 
Aircraft.  This  method  accounts  mainly  for  material  strength  anisotropy,  stiffness  anisotropy,  general  bi¬ 
axial  Inplane  loadings  and  arbitrary  fastener  hole  sizes.  A  cosine  distribution  of  radial  stresses  at  the 
fastener  hole  represents  bolt  bearing  loads. 

The  finite  element  methodology  has  a  limited  use  due  to  the  costs.  Sometimes  analytic  methods  are 
used  for  parametric  studies  while  finite  element  are  only  used  for  cases  of  complex  geometries  or 
through-the-thlckness  effects. 

Theoretical  methods  based  on  strength  of  material  approximations  (beam  theory,  shear  lag  theory,  ...! 
are  limited  to  account  for  complex  loading  and  material  enlsotropy.  Accounting  for  fastener  flexibility, 
head  rotation  and  non-uniform  through-the-thlckness  stress  distribution  can  be  made  within  this  approach. 

Empirical  approaches  are  an  alternative  to  the  theoretical  ones.  The  main  difference  between  empiri¬ 
cal  and  theoretical  appro<.ches  Is  the  establishing  of  failure  directly  by  test  In  the  first  case  while  In 
the  second  one  a  failure  criteria  must  be  assesed.  An  empirical  approach  based  on  Hart-Smith's  method 
will  be  widely  commented  later  In  this  paper. 


Failure  analysis 

The  previous  paragraph  dealed  with  procedures  to  determine  stress  distribution  around  the  hole.  Once 
It  Is  known,  a  failure  analysis  must  be  performed.  Crlterlas  such  as  Tsai -HI 11,  Max.  strain,  Tsal-Hu, 
etc..,  are  generally  used  for  unnotched  material  failure. 

Detailed  analysis  at  the  hole  location  combining  theoretical  elastic  stress  distribution  analysis 
with  a  theoretical  failure  criteria,  gives  highly  conservative  results.  This  Is  due  to  the  behaviour  of 
composites  up  to  failure,  at  the  vicinity  of  the  hole,  which  Is  not  completely  elastic.  Microdamages  at 
the  resin  level,  produce  a  stress  relaxation  before  failure.  It  Introduces  a  “relief"  factor  on  the  ef¬ 
fective  stress  concentration  as  compared  with  the  theoretical  (elastic)  stress  concentration. 

Several  procedures  to  account  for  this  composite  “relief'  factor  have  been  established: 

-  Finite  element  modelling 

-  To  use  a  “progressive"  failure  criteria  Instead  of  a  "first-ply"  failure.  (Reference  2) 

-  A  "characteristic  dimension"  failure  hypothesis  which  correlates,  by  testing,  the  effective  point 
stress  at  failure  with  a  theoretical  value  situated  at  a  certain  "distance"  on  the  stress  distribu¬ 
tion  curve.  (Reference  3). 

-  A  linear  elastic  fracture  mechanics  mods’  which  assumes  an  "intense  energy  region"  must  be  stres¬ 
sed  to  a  critical  level  before  fracture  recurs.  (Reference  4). 

The  ''characteristic  dimension"  approach  have  widely  been  followed  all  over  the  world  The  methodology 
under  Reference  1,  uses  this  approach.  Springer  developed  an  experimental  work  (Reference  5)  to  evaluate 
the  Influence  of  several  parameter  on  the  “characteristic  length".  A  "characteristic  length"  in  tension 
(Rt)  and  In  compression  (Rc)  must  be  determined. 

The  use  of  theoretical  approaches  to  determine  stress  distribution  Is  associated  with  the  need  for 
establishing  a  theoretical  failure  criteria  and  a  composite  "relief"  factor.  None  0*  the  existing  failure 
criteria  Is  adequate  to  cover  all  possible  loading  conditions  (Reference  6).  Likewise,  to  asses  the 
"relief"  factor,  an  adequate  number  of  tests  Is  needed. 

Empirical  approaches  establish  the  failure  directly  through  testing.  An  empirical  procedure  has  been 
followed  by  CASA  lo  develop  Its  Bolted  Joints  Methodology. 


THE  EMPIRICAL  APPROACH 

The  approach  used  here  Is  based  on  the  L.J.  Hart-Smith's  work  (References  7,  8)  which  Is  mainly  sup¬ 
ported  by  experimental  observations.  The  elastic  stress  concentrations  at  holes  are  well  established  in 
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the  literature.  Tests  on  composite  intends  permit  the  assesment  e'  composite  "relief"  factor  to  ac¬ 
count  for  the  effective  stress  concentration  at  failure.  Influence  of  material  anisotropy  on  that  factor 
Is  also  empirically  deduced. 

Limited  test  data  are  generalized  to  other  geometries,  evaluating  the  Interaction  between  stress  con¬ 
centrations  caused  by  bearing  and  bypass  loads  In  an  uniaxial  load  case.  This  methodology  Is  also  exten¬ 
ded,  with  adequate  limitations  to  the  biaxial  load  cases. 

Stress  concentration  factors  in  elastic  Isotropic  materials  are  well  known,  specially  for  fatigue 
analysts.  Peterson  (Reference  9)  attributes  to  Heywood  an  empirical  formula  for  stress  concentration  at 
unloaded  holes  In  a  strip  (bypass  load). 


*tne  ■  2  +  (l-d/w)3 


Some  corrections  are  Introduced  when  a  hole  in  a  row  of  an  Infinite  plate. 

In  case  of  a  loaded  hole  In  a  finite  strip  (bearing  load)  the  above  equation  is  reexpressed  in 
Reference  7  (by  Frocht  and  Hill),  as: 


Kbne  "  (w/d  *  D  -  1-5  -  ® 

(w/d  +  1) 


being  H  defined  as: 


®  »  1.5  -  0.5/(e/w)  for  e/w^  1 
®  «  1  for  e/w  ^  1 


Once  elastic  Isotropic  stress  concentration  factors  are  established,  the  next  step  Is  to  correlate 
these  factors  with  those  which  are  observed  at  ultimate  load  In  composite.  In  other  words,  to  calculate 
the  composite  "relief"  factor  (C). 

A  linear  relationship  between  these  factors  has  empirically  been  observed.  Figure  2,  borrowed  from 
Reference  7,  shows  this  relationship. 


z 

s 

3 


Fig.  2  CORRELATE  BETWEEN  STRESS  CONCENTRATION  FACTORS 


Experimental  observations  suggest  the  Invariability  of  C  for  loaded  and  unloaded  holes. 

Likewise  this  factor  Is  layup  dtpendant,  as  Is  clearly  shown  In  Figure  2.  Also  the  absolute  hole  size 
and  the  eccentricity  Influence  C.  A  typical  value  of  C,  for  Double  Shear  Joints,  have  been  found  tc  be  In 
the  vicinity  of  0.25. 


14-5 


A  linear  Interaction  between  tangential  stresses  has  been  demonstrated  to  occur  In  the  ease  of  com¬ 
bining  a  bearing  load  with  a  bypass  load  (Figure  3). 


Biaxial  load  cases  are  more  complex  than  the  uniaxial  ones,  because  simple  combinations  of  critical 
stresses  do  not  apply.  Biaxial  cases  require  superposition  of  full  hoop  stress  fields  to  determine  the 
final  result.  Likewise,  the  lack  of  biaxial  test  results  Imposes  the  need  of  having  adequate  caution 
when  an  analysis  Is  done  In  this  field. 


CASA  TEST  Pi. AW 


Empirical  factors  under  the  methodology  described  above  have  been  obtained  from  in-house  tests.  The 
CASA  Test  Plan  Is  described  In  Reference  10.  Tests  were  performed  during  the  year  1985.  A  total  of  500 
specimens  were  tested. 

This  Plan  Is  divided  into  two  parts.  The  main  body  of  the  plan  applies  to  resin  system  (T300/F594) 
and  fasteners  (HILOK,  6.35mm)  commonly  used  In  main  CASA  structural  applications.  As  an  appendix  to 
the  main  body,  specific  aspects  such  as  big  bolt  size,  highly  matrix  domlnat  layup,  blind  fasteners  and 
different  resin  system,  are  also  Included. 

The  programme  covers  Bearing  (loaded  hole,  w«8d).  Bypass  (unloaded  hole,  w*4d)  and  "Tenslon-Through- 
the-Hole“  (loaded  hole,  w*3d)  tests. 


Bearing  Tests 

A  bearing  type  failure  Is  desired  In  the  Bearing  Tests.  The  maximum  bearing  strength  will  be  achieved 
with  the  Double  Shear  specimen.  Several  layups  are  tested,  maintaining  the  same  specimen  configuration, 
to  detect  the  influence  of  layup  on  the  strength. 

Once  maximum  bearing  strength  Is  determined,  parameters  affecting  strength  are  tested  for  quasl-lso- 
troplc  layup.  These  parameters  are  listed  below: 


.  Single  shear 
.  Bolt  head 
.  Eccentricity 


.  Short  end  distance 
.  Environment 
.  Torque 


Bypass  Tests 

A  second  type  of  tests.  Bypass,  are  conducted  on  a  notched  Specimen  under  bypass  tension  loads 
(unloaded  hole).  The  aim  Is  to  asses  composite  "relief"  factor  fer  this  load  case.  The  following  parame¬ 
ters  are  Investigated: 


Layup 

Open/filled  hole 
Torque 


Bolt  head 
Environment 
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Tensior.-Throuoh-the-Kole  Tests 

A  narrow!  loaded  holei  specimen  (w*3d)  Is  tested  to  determine  the  composite  Vr.lief"  factor  corres¬ 
ponding  tp  this  load  case.  A  tension  type  failure  under  bearing  loads  Is  desired.  Several  layups  are  In¬ 
vestigated  with  the  double  Shear  specimen.  Additional  parameters  are  then  also  Investigated: 


.  Single  shear  ,  Torque 

.  Bolt  head  .  Environment 


Some  compression  bypass  tests,  open  and  filled  hole,  are  also  performed.  Adit tonal ly,  cpull  through" 
tests  are  Included. 

Specimens  configuration  and  test  fixtures,  extensively  described  In  Reference  10,  are  not  contained 
In  this  paper. 

Test  programme  finished  in  October  85.  Tets  results  have  been  reported  In  Reference  11. 


TEST  RESULTS  EVALUATION 

Analysis  of  Test  Plan  Results  will  permit,  by  means  of  adequate  data  reduction  to  achieve  the  app>o- 
piate  understanding  on  how  design  variables  affect  performance  of  bolted  Joints  In  composites. 

In  this  paper  only  main  conclusions  and  general  trends  will  be  Included.  A  detailed  description  of 
test  results  (under  Reference  12)  Is  not  the  aim  of  this  publication. 

Two  main  types  of  failures  appear  in  bolted  Joints:  bearing  and  tension.  Therefore  derivations  must  be 
adressed  to  obtain  bearing  strength  values  and  stress  concentration  factors. 


Bearing  Strength  Allowables 

Cloth  material  Is  used  for  testing.  Empirical  evidence  shows  that  bearing  strength,  for  double  shear 
specimens,  remains  constant  within  a  wide  range  of  layups  around  quasl-isotroplc.  Average  values  are  al¬ 
ways  over  300  h/nm2,  when  tests  are  performed  under  room  temperature. 

Bearing  strength  Is  tremendously  affected  by  eccentricity  and  environment.  Strength  can  drop  up  to 
50X  when  hoc-wet  Is  combined  with  a  high  eccentricity. 


A  bearing  failure  Is  very  easy  to  analyse  and  Is  not  a  methodology  type  dependant  analysis. 


Stress  Concentration  Factors 


Unde.-  the  Empirical  Approach  a  composite  "relief"  factor  which  correlates  elastic-isotropic  materials 
and  non-elastlc-anlsotropic  ones  (composites)  mus.  be  derived  from  test;. 

Test  results  show  (FI gun  4)  a  linear  relationship  between  stress  concentration  factor  In  metals  and 
composites.  For  the  same  layup  (quasl-isotroplc)  and  bolt  diameter,  the  results  of  the  tests  carried  out 
under  different  load  conditions  (bearing  and  bypass.'  and  geometries  (w/d  -  3,4,8)  follow  a  straight  line. 
The  slope  of  that  line  is  the  "relief"  factor  C.  Hole  size  effect  produces  higher  slope,  which  meers 
higher  peak  stresses,  when  12.70mm  ai meter  specimens  are  tested. 


Fig.  4  CORRELATION  BETWEEN  STRESS  CONCENTRATION  FACTORS  (CASA  TESTS) 
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Correlation  factor  C  Is  layup  dependant.  So,  fiber  dominant  layups  produce  higher  C  values  than  those  j  j 

produced  with  matrix  dominant  layups.  ;  j 

Average  C  values  derived  from  tests,  on  cloth  material,  show  a  linear  relationship  when  plotted  I 

against  0*  fiber  percentage  (figure  5).  Scatter  associated  to  these  tests  Is  considered  to  be  usual  In 
composites.  This  linear  behaviour  Is  found  when  bypass  load  (unloaded  hole)  and  also  when  bearing  load  < 

(loaded  hole). 


Fig.  5  COMPOSITE  RELIEF  FACTOR  (C)  VERSUS  LAYUPS  (CASA  TESTS) 


The  above  conclusions  permit  the  derivation  of  stress  concentration  factors  In  composites,  based  on 
those  which  appear  In  elastic-isotropic  materials,  for  any  geometry  (w/d),  layup  and  bolt  diameter,  wit¬ 
hin  a  range  tip  leal ly  used  In  structural  design.  This  derivation.  In  case  of  bearing  loads,  will  be  go¬ 
verned  by  the  following  formula: 


(Kbn  -  1)  *  C  (-bne  -  D 


A  similar  formula  applies  for  stress  concentration  factors  due  to  tension  bypass  loads. 

For  uniaxial  load  cases  combining  bearing  and  bypass  loads,  a  linear  superposition  is  considered. 

Environmental  conditions  greatly  affect  stress  concentration  factors.  Critical  values  for  Cb  have 
been  obtained  with  a  cold-dry  environment. 

Another  parameter  affecting  significantly  Cb  Is  eccentrlcltv.  Tests  carried  out  under  single  shear 
specimens  with  high  t/d  values  have  shown  Cb  values  twice  those  :ound  under  double  shear  casts.  Influence 
of  this  parameter  Is  specially  significant  when  countersunk  head  fasteners  are  combined  with  high 
eccentricities. 

Analysis  under  biaxial  loads  requires  knowledge  of  not  only  the  critical  peak  stress,  but  all  the  hoop 
stress  distribution  around  the  hole.  In  order  to  find  the  hole  location  w.iere  stress  combination  becomes 
critical.  Based  on  test  results  under  single  load  cases,  it  Is  possible  to  determine  stress  concentration 
at  several  locations  around  the  hole. 


BOLTED  JOIHTS  D|S16)j  MANUAL 


Many  times,  researchers  need  a  wide  range  of  test  programmes  to  provide  them  with  the  answers  they 
need  for  having  an  adequate  understanding  of  a  particular  phenomenon.  Test  results  will  permit  them  to 
support  theoretical  assumptions,  establishing  a  design  methodology. 

Sometimes,  major  efforts  are  dedicated  In  defining  a  test  plan,  testing  and  deriving  conclusions, 
but  these  conclusions  are  not  stated  In  a  user  friendly  way  for  non-expert  engineers  working  on 
hardware. 

In  the  programme,  under  this  paper,  big  efforts  have  been  made  In  developing  f  Design  Manual  easy  to 
use  for  engineers  having  a  relatively  little  experience  In  bolted  joints  on  composites. 


r.-i  r.-r '***•»♦•*«*■* 
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The  Manual  provides: 

-  Guidelines  for  composite  bolted  Joint  design. 

-  Basic  sizing  and  analysis  procedures  for  Initial  design  and  trade-off  studies. 
Complete  methodology  for  final  analysis. 

•  Analysts  examples  Illustrating  the  use  of  the  methodology. 


The  arrangement  of  the  manual  accomodates  the  groups  of  users,  design  and  stress  engineers,  during 
different  stages  of  design,  from  preliminary  studies  to  formal  analysis  for  certification. 

A  computer  code  Is  also  being  developed.  This  code  perfoms  bolted  Joints  final  analysis.  The  code. 
Interactive  and  tutorial,  Is  very  user  friendly. 


CONCLUSIONS 


More  relevant  theoretical  and  empirical  approaches  which  represent  state-of-the-art  on  composite 
Bolted  Joints  Analysis  are  evaluated  In  this  paper. 

The  empirical  approach,  based  on  an  empirically  determined  composite  ‘relief*  factor  (C)  Is  widely 
discussed. 

A  CASA  Test  Plan,  with  500  test  specimens,  has  permitted  C  value  derivations  for  CASA  materials  and 
fastener  systems.  C  Is  geometry-non-dependant,  while  varies  linearly  with  the  0*  fiber  percentage. 
Eccentricity  and  environment  significantly  affect  C. 

The  methodology  derived  from  the  Test  Plan  Is  condensed  In  a  Design  Manual  and  a  computer  code. 
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SUNNARY 

Joints  In  glass  fibre/epoxy  (GFRP)  and  'Kevlar'  fibre/epoxy  (KFRP )  laminates  show 
similar  characteristics  to  those  In  carbon  fibre/epoxy  (CFRP)  but  with  differences  brought 
about  by  the  low  elastic  modulus  of  glass  fibres,  and  the  low  compressive  strength  of 
'Kevlar'  fibres.  The  current  paper  presents  data  for  GFRP  laminates  manufactured  from 
layers  of  unidirectional  fibre  prepreg,  and  for  KFRP  laminates  manufactured  from  layers  of 
balanced,  bi-directional,  woven  fabric  prepreg.  Comparative  data  for  CFRPeek  Is  also  given. 

As  far  as  GFRP  Is  concerned,  tests  on  single-hole  joints  show  that  the  effects  of 
width,  end  distance,  hole  size,  bolt  clamping  pressure  and  stacking  sequence  are  similar 
to  those  In  CFRP.  In  general,  strength  levels  tor  GFRP  are  about  20*  below  those  for  CFRP. 
The  best  lay-up  Is  judged  to  be  0/±45°,  with  60*  of  the  o'.les  at  i45°.  A  stronger  Inter¬ 
action  between  failure  modes  Is  found  for  GFRP,  which  also  shows  a  greater  tendency  to 
delaminate  rather  than  showing  in-plane  shear  or  tensile  cracking. 

Due  to  the  nature  of  the  prepreg  the  range  of  possible  lay-ups  for  KFRP  is  restricted; 
only  0/90,  *45*  are  tested.  8ear1ng  strengths  are  generally  In  the  range  500-600  MR/m*, 
l.e.  25-30%  below  GFRP.  Overall  behaviour  Is  found  to  be  similar  to  other  FRP  although 
the  ultimate  failure  mode  Is  almost  Invariably  tensile.  There  Is  evidence  that  the  i nher- 
ent  compressive  characteristics  of  'Kevlar'  fibre  contribute  to  the  low  bearing  strength. 
Surprisingly,  although  very  large  hole  distortions  are  seen  at  failure  there  Is  very 
little  evidence  of  resin  cracking. 

The  strengths  obtained  for  CFRPeek  are  of  a  similar  level  to  CFRP. 


INTRODUCTION 

It  Is  well  known  that  the  mechanical  characterisation  of  fibre-reinforced  plastics 
(FRP)  Is  complicated  by  the  very  large  number  of  variables  Involved.  The  situation  Is,  of 
course,  very  much  worse  for  joints  since,  In  addition  to  the  material  variables,  the  nature 
of  the  fastener  and  the  geometry  of  the  Joint  must  also  be  considered.  In  spite  of  these 
difficulties  a  considerable  body  of  literature  now  exists  on  the  failure  behaviour  of 
mechanically  fastened  joints  In  FRP.  In  particular  carbon  and  glass  flbre-rel nforced  epoxy 
resin  (CFRP  and  GFRP)  have  been  studied  extensively  [1,2. 3’  and  'Kevlar'  fibre-reinforced 
epoxy  rather  less  so  [4,51.  There  Is  little  data  available  on  carbon  fibre-reinforced  PEEK 
(CFRPeek)  [6].  Colllngs  [7]  presents  an  excellent  survey  of  the  tonic. 

Because  the  number  of  variables  for  each  fibre/resin  system  under  evaluation  pre¬ 
cludes,  on  economic  grounds,  a  complete  characterisation,  experimental  programmes  have 
concentrated  on  single  hole  joints  with  a  few  fastener  types  In  a  restricted  range  of  lay¬ 
ups  and  stacking  sequences,  The  general  behaviour  can  conveniently  be  described  by  consid¬ 
ering  three  sets  of  parameters: 

a)  Material  Parameters 

For  optimum  bearing  properties  there  should  be  between  30  and  60*  of  ±45°  fibres, 
depending  on  the  fibre  type,  the  balance  being  oriented  at  0°,  i.e.  parallel  to  the  load. 
Stacking  sequence  also  Influences  joint  strength,  although  to  a  lesser  extent  than  lay-up. 
Fibre  volume  fraction,  fibre  type  and  form  (woven,  unldlrect  1  onal ,  etc ) ,  matrix  type  all 
affect  strength. 

bl  Fastener  Parameters 

The  fundamental  choice  Is  between  rivets  and  bolts.  Riveted  joints  can  give  satis¬ 
factory  performance  In  laminates  up  to  3mm  thick.  The  strength  1  s  1 1ml ted  by  the  small  head 
and  tall  size,  which  In  turn  limits  the  clamping  force  Imposed  by  the  rivet  in  the  througn- 
thlckness  direction.  This  clamping  force  has  a  significant  Influence  on  jol-.it  strength. 

As  might,  then,  be  expected,  countersunk  rivets  are  Inferior  to  round-head  rivets. 

The  need  for  a  high  clamping  force  Indicates  that  using  bolts  will  provide  the 
strongest  Joints.  Normal  levels  of  tightening  usually  provide  adequate  clamping  force. 
Factors  such  as  bolt  size,  washer  size  and  boTt-to-hole  fit  are  relatively  unimportant. 

c)  Design  Parameters 

Overall  considerations,  such  as  load  magnitude,  will  generally  decide  the  joint  type 
(single  lap,  double  lap  or  step).  Laminate  thickness  Is  clearly  related  to  the  load  for  a 
given  material  combination  and  lay-up.  The  most  Important  parameters  are  then  joint  geom- 
try  (pitch,  width,  end  distance,  etc) .  Tensile  failure  can,  normally,  be  eliminated  If 
the  joint  1$  sufficiently  wide  and  shear  out  eliminated  If  the  end  distance  Is  large 
enough.  However  enforcing  bearing  failure,  the  most  benign  mode,  may  not  provide  the  most 
efficient  joint. 
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uther  factors  that  may  Influence  strength  are  load  direction,  loading  rate  and  load 
type  (static  or  dynamic). 

Whilst  It  Is  true  that  FRP  can  be  considerably  weakened  by  the  Introduction  of  holes, 
adequate  performance  of  mechanical  joints  can  be  achieved  If  allowance  Is  made  for  the 
anisotropic  nature  of  the  material  and  the  associated,  complex,  failure  mechanisms.  The 
major  factors  Influencing  joint  strength  are  reviewed  In  the  current  paper.  Host  data  will 
refer  to  double-ended  specimens  similar  to  that  shown  In  Figure  1,  the  load  being  applied 
bye  linkage  such  as  that  shown  In  Figure  2,  where  the  load  cell  Is  used  to  monitor  bolt 
clamping  force.  Unless  otherwise  stated  laminates  will  have  been  made  from  preimpregnated 
warp  sheet. 


Figure  1.  Specimen  Configuration  and  Definition  of  Dimensions 


Figure  2.  Representation  of  Loading  NKhanlsm 


FAILURE  WOES 

Mechanically  fastened  Joints  In  composites  display  the  seme  basic  f  ailure  modes  as  In 
metals,  l.e.  tension,  shear  out  and  bearing.  Failure  Is  alsu  possible  by  pull-out  or  In 
a  combined  tension/bending  mode  referred  to  as  cleavage.  These  modes  are  Illustrated  In 
Figure  3. 
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Tension  Shear  out  Bearing  Cleavage  Pull-out 


Figure  3.  Failure  Hades 


a)  Tension 

As  with  conventional  materials  the  tensile  load  required  to  fall  a  laminate  through  a 
section  at  which  holes  occur  (the  net  section)  Is  less  than  at  a  section  with  no  holes 
(the  gross  section). 

The  corresponding  failure  stresses  may  be  defined  by: 

°H  “  - - - 

N  (w  -  nd)t 

p 

and  oe  •  — 

6  wt 

where  P  Is  the  maximum  load,  n  the  number  of  holes  and  the  width  w,  diameter  d  and  thick¬ 
ness  t  are  defined  In  Figure  1.  It  Is  conventional  to  express  the  above  stresses  In  the 
form  of  stress  concentration  factors 

«  “ult/o,,  and  ■  °ult/os  respectively, 

where  ou^t  Is  the  ultimate  tensile  strength  of  the  plain  laminate. 

Because  FRP  are  essentially  elastic  to  failure  they  cannot  take  advantage  of  yielding 
at  the  hole  edge  and  hence  the  stress  concentration  will  lead  to  a  low  net  failure  stress. 
The  latter  depends  strongly  on  the  degree  of  anisotropy,  and  hence  fibre  orientation.  In 
the  vlclntty  of  the  r.ole. 

For  CFRP  and  CFRPeek  laminates  tensile  failure  will  be  governed  by  the  0*  fibres,  l.e. 
those  parallel  to  the  applied  load.  6FRP  failures  are  more  complex  due,  mainly,  to  the 
low  modulus  of  the  fibre  resulting  In  higher  shear  strains  being  Imposed  on  the  laminate. 
As  a  consequence  failure  propagates  by  In-plana  shearing  between  0*  and  45*  plies,  leav¬ 
ing  only  the  45*  fibres  to  react  the  load. 

'Kevlar'  fibres  have  high  tensile  strength  and  It  Is  thought  that  fibrillation  nf  the 
fibres  may  provide  a  mechanism  for  the  relief  of  stress  concentrations  at  the  hole  edge. 
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b )  Shear  Oat 

The  thaar  out  strength  of  a  belted  Joint  Is  usually  glvan  by: 


where  the  end,  or  edge,  distance  e  is  defined  In  figure  1.  Because  of  the  difficulty  of 
measuring  the  appropriate  shear  strength.  It  Is  unusual  to  quote  shear  stress  concentra¬ 
tion  factors. 

It  Is  clear  that,  as  with  tensile  strength,  fibre  orientation  will  play  an  important 
part  In  determining  shear  out  strength.  A  unidirectional  specimen,  for  example,  has  a  low 
strength,  whereas  the  strength  of  0/±45*  lay-ups  can  he  very  high.  Obviously  the  degree 
of  anisotropy  affects  the  stress  concentration. 

c)  Bearing 

Bearing  of  a  fastener  In  a  hole  gives  rise  to  compressive  stresses  around  the  loaded 
portion  of  the  circumference.  These  compressive  stresses  cause  tensile  stresses  In  the 
through-thickness  direction  which,  because  of  the  low  strength  In  that  direction,  can 
lead  to  early  failure  if  adequate  restraint  Is  not  provided,  for  this  reason  pin  joints 
hsve  the  lowest  and  bolted  joints  the  highest  strengths,  with  rivets  In  betwetn. 

The  compressive  strength  of  the  0*  plies  Is  a  vital  determinant  of  the  joint's  bear¬ 
ing  strength,  as  Is  the  stiffness  of  che  fibres. 

Bearing  stress  is  defined  by: 


d )  Other 

Cleavage,  a  combined  bending  and  transverse  tension  failure,  can  be  avoided  if  suffi¬ 
cient  non-axlal  (±8  or  DO*)  fibres  are  included  It,  the  lay-up. 

Pull-out  failure  is  normally  associated  with  rivets,  particularly  those  with  u  counter¬ 
sunk  head;  it  should  not  occur  with  bolted  joints. 


NAIM  TACTORS  AFFECTING  FAILURE 

a)  Fibre  Orientation 

The  Importance  of  fibre  orientation  has  already  been  mentioned.  As  might  be  expected 
the  ratio  of  0*  to  off-axis  (45  and  90*)  fibres  Is  a  koy  factor.  At  low  concentrations  of 
0*  fibres  shear  out  failure  will  predominate.  The  shear  strength  will  increase  with  the 
inclusion  of  off-axis  material  (say,  ±45*)  until  bearing  becomes  the  critical  mode. 
Continued  Increase  In  the  proportion  of  *45’  layers  will  change  the  fal lure  mode  to  tension 
with  a  consequent  drop  In  strength. 

Fortunately  for  design  considerations.  Joint  performance  Is  reasonably  Insensitive  to 
lay-up  over  quite  a  wide  range  of  composition  As  a  general  recommendation  the  0* 

plies  should  constitute  between  35  and  65X  of  the  total  [7,3]. 

Contrary  to  what  might  be  expected  from  the  compressive  behaviour  of  ±45*  lam-nates, 
the  bearing  strength  of  such  laminates  Is  high.  This  Is  due  to  the  constrelnt  offered  by 
the  washers,  [n  0/±45*  ley-ups  the  ±45*  plies  enhance  beering  performance  by  Inhibiting 
longltudlnel  splitting  in  the  0*  leyers  [7], 

b)  Through-Thickness  Constraint 

It  Is  well  known  that  the  bearing  strength  of  a  plain  jin  Is  very  low.  This  is 
because  the  'brooming*  of  the  laminate  on  the  loaded  side  of  the  pin  is  not  prevented. 

Even  a  bolt  with  a  finger-tight  nut  produces,  at  least,  a  1U0X  Increase  In  strength 
because  the  washer  suppresses  the  through-thickness  failure,  Tightening  the  bolt  produces 
further  Increase  in  strength  until  a  'plateau'  is  retched,  for  most  materials,  at  a 
clamping  pressure  of  eround  20  HN/ml.  Such  pressures  are  achieved  with  bolts  tightened 
to  normally-recommended  torques. 

c)  Sticking  Sequence 

The  beering  strength  of  pinned  Joints  in  quasl-lsotroplc  6FRP  is  very  sensitive  to 
stacking  sequence  [8],  and  that  of  CFRP  rather  less  so  [9].  The  effect  Is  related  to  the 
associated  stress  distributions.  For  a  fully  tightened  holt  the  failure  cen  change  from 
locel  bearing  at  the  hoie  edge  to  'remote-bearing'  [9]  at  the  edge  of  the  washer.  The 
latter  mode  is  essentially  one  of  buckling  of  the  surface  ply  (or  plies)  and  will  again 
be  related  to  the  stacking  sequence. 

The  above  comments  apply  to  8  or  16-ply  laminates  (with  0/90/±45*  plies)  In  which 
the  plies  are  'Intlmetely  mixed'.  With  thicker  laminates,  or  those  with  high  proportions 
of  fibres  In  one  direction.  It  Is  possible  to  produce  a  'blocked'  configuration,  l.e.  one 
In  which  severe!  similarly  oriented  plies  ere  grouped  together.  Such  an  arrangement  can 
have  e  lower  strength  (possibly  by  as  much  as  SOX)  than  a  laminate  with  an  Intimately 
mixed  or  'homogeneous'  sequence  [3,7,10].  Although  wider  considerations  make  the  use  ofa 
blocked  lay-up  unlikely,  the  above  remarks  about  strength  loss  could  be  Important  when 
dealing  with  local  reinforcement. 


4)  Joint  geometry 

I)  Width 

Hi  essentially  linear  elastic  behaviour  of  FRP  means  that  net  tensile  strength  Is 
strongly  dependent  on  width.  Also,  gross  strength  is  related  to  hole  site  end  both  net 
and  gross  strengths  depend  on  lay-tp.  The  effect  of  width  Is  most  marked  for  0/90'  lamin 
ates  end  least  for  ±45*  lay-ups. 

For  design  It  is  usual  to  choose  a  geometry  (w/d)  which  gives  aqua)  likelihood  of 
failure  In  tension  or  bearing.  Precise  values  will  depend  on  the  materiel  end  It  could 
be  that  the  tensile  mode  will  be  the  stronger  [10], 

Whatever  the  failure  mode,  strength  is  normally  expressed  In  terms  of  the  bearing 
stress,  typical  curves  of  experimental  data  [7,6]  are  shown  In  Figures  4-6,  where  It  is 
seen  that  the  behaviour  ov  the  various  materials  Is  essentially  the  same.  Thus,  failure 
changes  from  tensile  at  low  values  cf  w/d  to  bearing  at  high  w/d.  The  change  over  point 
and  the  'plateau'  value  depend  on  fibre,  matrix  and  lay-up. 

II)  End  Distance 

Varying  end  distance  has  the  same  effect  on  shear  out  strength  as  varying  width  has 
on  tensile  strength.  Curves  cf  bearing  stress  variation  with  e/d  arc,  hence,  similar  to 


An  interesting  feature  of  woven  KFRP  laminates  Is  that,  even  for  high  values  of  w/d 
and  e/d,  failure  was  always  In  a  tanslle  mode  for  bolttd  joints.  Pinned  joints.  In  con¬ 
trast,  showed  mooe  changes  as  described  above  [4]. 

Ill)  Holm  S1«e  and  Thickness 

Net  tensile  strei.gth  Is  largely  Insensitive  to  hole  sue  although  gross  strength 
reduces  as  hole  site  Is  Increased  [1,3,6]. 

Shaar  out  strength  appears  not  to  bv.  sensitive  tu  hole  diameter,  as  does  the  bearing 
strength  of  CFRP  and  CFRPcak.  However,  the  hearing  strength  of  both  6FRP  [3]  and  KFRP  [4] 
are  reduced  at  large  diameters  (ot  small  thicknesses  for  a  given  diameter).  The  raouctlon 
Is  due  to  gross  bending  of  the  laminate  on  the  loaded  side  of  the  hole.  In  what  Is  effect¬ 
ively  an  instability  phenwtenon.  Tna  affect  Is  most  marked  for  pinned  joints  but  Is  also 
present  In  bolted  joints,  becoming  marked  if  d/t  >3.  A  further  source  of  strength  reduc¬ 
tion,  at  high  d/t  ratios,  Is  brought  about  by  bending  of  the  fastener  imposing  high 
stresses  on  the  surface  plies. 


Figure  4.  Variation  of  Failure  leering  Stress 
with  w/tf  for  Carbon  Fibre  Lari  nates 
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Fig**  1.  Variation  of  Failure  ieer  Ing  Struts 
Mitt  */tf  for  Carbon  FI  bra  Laminates 


STRESS  DISTRIIUTIORS 

Hany  Morker*  h«v«  Investigated  tho  stress  distributions  around  a  loudad  holt  and 
attonptod  to  rolato  thoso  to  fallurt.  A  particularly  dotallod  discussion  Is  given  by 
Snlth  [9],  who  alro  revlees  tho  work  of  othor  Investigators . 

The  Important  average  stresses  In  the  laminate  plane  around  the  hole  edge  Mill  be: 
maximum  compression  at  0  •  0*  (sto  Figure  1  For  definition  of  0),  maximum  tension  at 
8»i90*.  maximum  shear  on  radii  at  e«*45*.  These  maxima  cleerl)  play  an  Important  part 
In  determining  failure. 

The  details  of  the  failure  process  are,  houever,  related  more  to  tho  through* 
thickness  direct  and  shear  stresses.  These  stresses  are  closely  linked  to  the  lay-up, 
stacking  sequence,  bolt  clamping  force  and,  of  course,  ply  mechanical  properties. 

Such  stress  analyses  Illustrate  clearly  vhy  hearing  failure  at  the  hole  edge  (at 
6  *  0*)  for  a  pinned  joint  changes  to  remote  bearing  (at  the  Masher  edge)  for  a  bolted 
joint  [9,11].  Also  the  May  In  Mhlch  stacking  sequence  can  change  the  through-thickness 
direct  stress  from  tension  to  compression  correlates  Mali  with  experimental  results  and 
Indicates  that  tne  fibres  In  the  tMO  plies  nearest  the  surface  should  not  be  oriented  at 
0*  [•]. 

Further  development  of  such  stress  analyses  Is  Important  as  they  offer  the  possibil¬ 
ity  of  strength  prediction,  once  the  failure  process  and  associated  failure  criteria  can 
be  more  accurately  modelled  [12], 


OTHER  FACTORS 

a)  Joint  Configuration 

The  experimental  data  quoted  above  derives  troM  single  hole  specimens  loaded  In 
double  shear,  by  an  arrangement  similar  to  that  shovn  In  Figure  2,  uhert  the  bolt  clamp¬ 
ing  force  Is  transmitted  to  the  laminate  via  Mathers.  Apart  from  the  question  of  symmetry 
of  loading,  this  situation  Is  relevant  to  a  laminate  Mhlch  forms  the  outer  componsnt  of  a 
joint. 

Also  of  Interest  are  double  shear  arrangements  Mhere  the  laminate  Is  sandulched 
(without  intervening  Hashers)  either  betneen  metal  plates  or  similar  laminates.  Stress 
analyses  performed  by  Smith  [9]  inolcate  that  the  first  arrangement  should  bring  about  an 
Increase  In  strength  of  5  -  101  and  the  second  someehat  less,  but  still  higher  than  the 
Masher  arrangement.  This  latter  assessment  Is  confirmed  by  experimental  data. 


A  further  consideration  U  the  joint  type,  l.e,  single  or  double  lap.  Experimental 
results  here  ere  ecarce  but  there  la  evidence  that  for  CFRP  end  CFRPeek  [6  6  7],  t  ample 
hole  tingle  Up  joint  la  about  10X  weaker  than  tna  double  ahear  arrangement.  The  reduc¬ 
tion  It  rather  Uat  for  two-hole  (parallel  to  the  loadl  tingle  lap  Joints.  For  KFRP  the 
atrrngth  reduction  tor  tingle  lapa  It  cloter  to  20X  [1],  and  It  appetrt  that  the  atrength 
hierarchy  of  lay-ups  can  change  compared  to  jolntt  loaded  In  double  ahear. 

b)  Multiple  Fastener* 

For  a  row  of  fattanera  (l.e.  normal  to  the  load)  there  It  generally  no  Interaction 
between  holet  provided  the  tpaclng  (pitch)  It  greater  than  4d.  Thla  meant  that  tatt  data 
for  tingle  hule  specimens  of  width  4d  can  be  used  to  design  such  multi-hole  jolntt. 

joints  with  lines  of  fasteners  (l.e,  parallel  to  the  load)  are  more  complicated 
because  of  the  pretence  of  the  by-past  strait.  At  noted  by  Hart-Smith  [10],  It  It  diffi¬ 
cult  In  such  circumstances  to  Improve  on  the  optimum  tingle  holt  joint  without  resorting 

to  considerable  complexity,  such  at  a  stepped  or  tapered  lap  joint. 

c)  Bearing  Strains 

Although  Irreversible  damage  It  apparent  well  before  final  failure,  probably  at  about 
60X  of  ultimate  load  for  CFKP  [f],  the  load-carrying  capability  of  the  laminate  It  not 
Impaired,  Because  significant  bearing  strain  (hole  elongation)  occurs  before  failure, 
careful  consideration  mutt  be  given  to  choice  of  design  strain  levels.  This  It  especially 

so  If  hammering  In  fatigue  It  to  be  avoided.  A  factor  of  2  on  ultlmcte  stress  Is  probably 

adequate.  Even  at  the  associated  stress  levels  FRP  are  still  competitive  with  metals  on 
a  strength-tc-welght  basis  (see  below). 


8ENENAL  COMMENTS 

It  is  clear  from  the  Information  already  prasentad,  Figures  4-7,  that  CFRP  and 
CFRPeek  have  virtually  Identical  bearing  strength  with  6FRP  about  20X  weaker  and  KFRP 
about  SOX  weaker  than  the  carbon  fibre  materials. 

Because  of  the  large  number  of  variables  Involved  there  Is  a  requirement  for  a 
predictive  capability  that  will  reduce  the  need  for  extensive  testing.  Colllngs  [2]  ful¬ 
fills  this  requirement  for  CFPP  with  a  semi-empirical  approach  which  gives  expressions 
for  bearing  strengtn  of  various  lay-ups.  In  terms  of  basic  strengths  of  Individual  plies. 
This  approach  should  also  work  for  CFRPeek.  Unfortunately  the  method  adopted  by  Colllngs 
does  not  appear  to  work  for  6FRP,  a  more  complicated  description  of  failure  seems  to  be 
needed  [13]. 

It  Is  Interesting  to  note  that  FRP  compare  well  with  metals  on  a  strangth-to-welght 
basis  [7],  Typical  values  for  bearing  strength  are  shown  In  Table  1. 


Material 

Bearing  Strength 
(HH/m* ) 

Specific 

Brevity 

Specific 

Bearing  Strength 

Steel  S96 

973 

7.05 

124 

Aluminium  Alloy 

171 

425 

2.70 

157 

CFRP  XAS/914 

SOX  0*,  50X  >45* 

1070 

1.54 

695 

6FRP  E/913 

33X  0»,  S7X  *45* 

900 

1.90 

473 

KFRP  Uoven/913 

450 

1.35 

333 

0/90* 


Table  1.  Comparison  of  Specific  Bearing  Strengths 
(l.e.  strength  a  specific  gravity) 


CONCLUSIONS 

a)  Carbon  fibre-reinforced  epoxy  and  PEEK  are  equally  strong,  with  a  bearing 
strength  around  1000  NN/mt.  6!ass  fibre-reinforced  vpoxy  has  about  80X,  and  'Kevlar' 
fibre-reinforced  epoxy  about  SOX,  of  the  strength  of  the  carbon  fibre  materials. 

b)  For  a  given  fibre/matrix  combination,  lay-up  Is  a  key  factor  In  determining 
strength,  lay-ups  should  not  be  strongly  anisotropic.  A  0/±45*  combination  Is  gsnerally 
to  be  preferred,  with  between  35  to  65X  0*  fibres. 

c)  The  stacking  sequence  should  be  as  homogeneous  as  possible,  l.e.  plies  of  the 
same  orientation  should  not  be  grouped  together. 

d)  Through-thickness  clamping  strongly  Influences  behaviour.  Bolts  must  bt  fully 
tightened  If  maximum  strength  Is  to  be  obtained. 


1 
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e)  As  it  general  rule  width  (or  pitch)  and  end  distance  should  be  approximately  4 d 
to  obtain  optimum  performance. 

f)  For  GFRP  and  KFRP  d/t  should  be  less  than  3. 

g)  Single  lap  Joints  are  from  10  to  20*  weaker  than  joints  loaded  In  double  shear. 

h)  Design  stresses  limited  to  about  50*  of  ultimate  should  provide  adequate  protec¬ 
tion  against  permanent  damage,  whilst  still  offering  a  strength-to-welght  advantage  over 
metals. 
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SUMMARY 

The  problems  arising  with  the  strength  of  single  shear  fastened  joints  are  considerably 
greater  than  those  of  double  sheer  joints.  The  additional  (or  secondary)  bending  moment 
loads  not  only  the  cover  plates,  but  also  causes  considerably  bending  in  the  fasteners. 

If  one  of  the  cover  plates  is  of  composite  material  its  brittleness  and  relatively  low 
bearing  strength  lead  to  new  problems. 

Experimental  data  wore  produced  with  a  100  t  load  transfer  specimen  using  a  CPRP  to 
metal  joint.  Taking  the  specimen  configuration  as  a  basis,  the  interaction  of  bolt 
bending  and  local  load  introduction  into  the  two  plc.tes  is  shown  in  form  it  diagrams 
based  on  theoretical  investigations. 


INTRODUCTION 

Mechanically  fastened  single  shear  joints  are  used  extensively  in  any  aircraft  struc¬ 
ture.  With  the  increasing  use  of  composites,  the  question  of  the  strength  of  these 
joints  with  CFRP  becomes  more  and  more  important.  Single  shear  bolted  joints  are  used 
to  connect  spars,  ribs  or  frames  to  skins.  Concentrated  load  introductions,  like  fitting 
joints,  are  usually  carried  out  in  double  shear.  Single  shear  joints  can  nevertheless 
offer  extar.aive  advantages  in  aircraft  structures  in  reBpec-t  to  weight,  aerodynamic , 
costs,  design  and  production  purposes.  To  make  more  use  if  these  advantages,  even  for 
high  load  transfers,  a  more  detailed  knowledge  about  the  mechanism  and  the  strength  of 
those  joints  is  ,-it.esaary.  The  final  target  ie,  to  find  a  reliable  method,  considering 
strength  requirements ,  which  separates  clearly,  whether  It  is  possible  to  use  a  single 
shear  bolted  joint  or  a  double  shear  one  has  to  be  used.  Until  now,  this  question  was 
answereu,  mo;  e  o.v  less,  by  experience  and  previous  data  from  metal  structures.  It  is 
doubt tul,  that  tnis  gives  sufficient  accuracy  and  reliability.  The  low  bearing  strength 
of  UFKP ,  together  with  its.  brittleness,  leads  to  increased  thicknesses  and  to  a  different 
elastic  behavi.  The  engineer  using  COMPOSITES  needs  more  detailed  Information  about 
theta  phenor.-  a  acting  together.  To  ba  able  to  makr  use  of  ..  dvantages  a  more  sophisti¬ 
cated  method  fo.  .'-'ng  single  shear  joints  is  n.-ico  Msary. 


BASIC  REALIZATIONS  OUT  OP  TESTS 

To  investigate  the  problems  of  single  shoot.  bolted  joints  with  CPRP- laminates,  a  teat 
program  was  performed.  The  objectives  of  the  test's  had  been  to  clarify  the  basic  mechanism 
with  api-clal  vgepect  to  th,  csnr.viour  of  the  C? RT .  Via  wanted  to  produce  as  much  informa¬ 
tion  as  possible,  to  create  a  data-base  for  th.,  development  of  a  prediction  method  for 
the  strength  of  single  shear  bolted  joints. 

The  test,  raethod/configuratlon  wir.  designed  to  avoid  ary  effects,  which  could  in¬ 
fluence  th=  behaviour  of  the  CFRP  dvrxr.g  the  static  and  dynamic  tests.  As  shown  in 
Figure  1  we  used  a  CFRP-lap  fastened  onto  a  steel  plate,  which  was  chosen  to  be  relatively 
thick.  The  bolt  is  therefore  supported  very  stiff.  During  the  tests  this  prevents,  that 
the  bolt  fails  before  the  crRP-plate  was  damaged. 

The  secondary  bending  moments  introduced  ■. n  to  the  plates,  tended  to  raise  the  edge  of  the 
CFRP-specimen  from  the  steel  plates.  It  seemed  reasonable  to  avoid  such  bending  by  a 
clamping  rv.g,  because  in  application  of  aircraft  structures  this  cannot  take  place  in 
most  cases.  To  simulate  the  worst  case,  the  belts  were  only  finger-tightened. 

Measurements  were  carried  out,  to  investigate  the  load  displacement  behaviour  of  the 
joint  in  an  accurate  way.  Therefore  the  displacements  between  the  two  plates  were 
measured  in  the  vicinity  of  the  bolt.  Typical  load  displacement  curves  are  shown  in 
Figure  2.  Three  different  physical  events  c?  .  characterising  the  slope) 

1. )  Fir ft  nonlinearity 

2. )  Beginning  of  nonlinear  behaviour 

3. )  Ultimate  Failure. 

The  first  nonlinearity  is  the  sign  of  the  first  failure  at  the  inner  side  of  the 
CFRP-plate  and  it  marks  the  end  of  the  initial  linear  behaviour.  This  effect  leads  to 
a  more  uniform  load  distribution  in  the  CFRP-plata  and  results  in  a  now  range  of  linear 
behaviour  in  the  load  displacement  curve.  Finally  a  range  of  nonlinearity  occurs, 
superimposed  by  plastic  bolt  bending  and  destruction  of  tha  laminate.  The  result  of 
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auch  a  instruction  ia  givan  in  Figura  3  aa  photomicrograph.  The  example  ahows  a  counter¬ 
sink  drilling  after  final  bearing  failure.  The  laminate  ia  destroyed  by  fibre  failures, 
transverse  cracka  and  large  delaminations  in  bolt-load  direction.  It  ia  remarkable,  that 
the  opposite  side  of  the  drilling  remains  undisturbed. 


THEORETICAL  INVESTIGATION 

The  main  problem  of  single  shear  bolted  joints  results  from  non-symmetry.  The  load 
transfer,  from  the  first  plate  into  the  bolt  and  then  into  the  second  plate,  produces 
secondary  bending  moments  within  the  plates  and  leads  to  a  significant  bending  of  the 
bolt.  The  mechanism  taking  place,  is  understood  as  an  Interaction  of  the  three  partici¬ 
pating  parts.  In  other  words,  the  non-symmetry  of  the  joint  leads  to  a  non-uniform 
load  introduction  into  the  plates  and  causes  bending  of  the  bolt.  But  the  bended  bolt 
itself  influences  the  distribution  of  the  load  introduction  into  the  plates.  Out  of  this 
basic  understanding  the  governing  parameters  of  the  mechanism  can  be  determined: 

Properties  of  Plate  1  :  Thickness  :  t, 

Modulus  of  Elasticity  :  E2 

Diameter  :  d 

Properties  of  the  Bolt  :  Modulu.  Qf  Eia8ticity  ,  Ef 


Properties  of  Plate  2 


Thickness  :  t1 

Modulus  of  Elasticity  :  E, 


With  these  six  parameters  the  interaction  of  bolt  bending  and  load  introduction  into 
the  plates  can  be  mathematically  described  within  the  linear  elastic  range  of  the 
problem.  Such  an  analytical  solution  can  be  found  in  the  literature.  It  was  developed 
by  William  Barrois  and  published  in  1378  in  Engineering  Fracture  Mechanics,  Vol.  10. 
With  some  minor  modifications  it  is  possible  to  use  this  approach  for  our  problem  of 
fastening  s  CFRP-part  onto  a  metal  one. 


It  should  be  mentioned,  that  one  parameter  is  not  included  in  the  theory,  the  bolt 
torque.  It  has  some  influence,  but  here  it  can  be  neglected  with  good  conscience  as  It 
does  not  influence  the  principle  of  the  investigation.  Figure  4  shows  the  results  of  a 
re-calculation  of  our  specimen,  with  protruding  head. 


The  overall  impression  of  the  bolt  bending  and  the  local  load  introduction  into  the 
two  plates  ie  not  surprising.  Tlie  example  of  our  test  specimen  shows,  that  the  highest 
local  bearing  load  acts  on  the  thick  metal  plate  at  the  contact  surface.  This  can  be 
seen  as  evidence,  that  thickness  alone  will  not  protect  from  uncritical  loading  and 
local  damages. 

Further  information  ie  offered  by  the  theory,  the  bending  of  the  bolt  is  described 
in  detail.  It  should  render  possible  the  prediction  of  the  working  life  of  the  fastener 
from  its  bending  stresses. 

As  a  final  conclusion  from  this  example,  we  can  see  that  anyone  of  the  three  diffe¬ 
rent  participating  parts  could  possibly  initiate  the  failure  of  the  joint.  The  important 
advantage  of  such  a  calculation,  is  the  possibility  to  quantify  the  effects  and  be  able 
to  vary  the  six  parameters  which  influence  tne  interaction  between  bolt  bending  and 
load  introduction  into  the  plates.  Six  different  parameters  are  not  easily  represented. 
We  are  forced  to  treat  the  problem  step  by  step  keeping  several  parameters  constant. 

Aa  a  basis  our  single  shear  specimen  is  used  and  then  the  following  properties  are 
found  to  remain  constant: 

Thickness  of  the  CFRP-plate  :  t1  *  6 .  mm 

Diameter  of  the  bolt  :  d  •  8.  mm 

Materiel  of  the  bolt  :  Ef  ■  210000.  N/am* 

Materiel  of  the  metal  plate  :  E2  «  210000.  N/mm’ 

This  means  we  fasten  a  CFRP-plate  with  a  8.  mm  dia  steel  bolt  onto  a  steel  plate  and 
vary  its  thickness.  To  show  the  effects  clearly  the  maximum  local  bearing  stresses  have 
to  be  normalized: 


For  the  CFRP-plate  the  maximum  local  bearing  is  normalized  by  the 


average  bearing  stress: 


^Ibaax 

®lb 


-  The  maximum  local  bearing  stress  of  the  steel-plate  with  variable 
thickness  is  divided  by  the  transferred  load: 

„  _  0~2bmax 


These  two  factors  give  a  representative  value  for  the  maximum  bearing  stress, 
dependant  from  the  loading. 

The  bolt  bending  moment  can  be  separated  from  the  loading  of  the  joint  by  the 
factor i 


in- 


In  Figure  5  the  behaviour  of  these  three  parameter*  (k1 ,  >  bm>  A*  shown. 

He  are  starting  with  a  thickness  of  15.  mm  and  try  to  reduce  the  weight  of  our 
specimen  configuration  by  sizing  the  steel  plate  with  smaller  thicknesses.  It  ie  obvious 
that  the  maximum  bearing  stress  does  not  increase  extensively,  as  long  as  the  thick¬ 
ness  remains  above  about  7.  mm.  With  a  smaller  steel  plate  the  local  maximum  bearing 
stresses  increase  steadily  in  both  laps. 

To  proceed  to  light  weight  constructions  Figure  6  was  created.  The  steel  plate  is 
changed  to  light  alloy  and  the  bolt  material  becomes  titanium.  In  comparison  to  the 
heavy  metal  configuration,  the  CFRP-plate  is  then  subjected  to  a  higher  loading.  Both, 
the  weaker  bolt  and  the  worse  support  of  the  bolt  by  the  light  metal  plate  lead  to 
higher  maximum  local  bearing  stresses  within  the  CFRP-plate. 

The  light  metal  plate  itself  distributes  loading  in  a  more  optimal  way  than  the 
stif for  but  heavy  configuration.  And  the  titanium  bolt  does  not  carry  as  large  a  bending 
moment  as  the  stiffer  steel  colt. 


CONCLUSION 

The  example  shown  confirms,  that  everyone  of  the  three  geometric  and  three  elastic 
properties  influences  the  load  transfer.  It  is  not  possible  to  neglect  any  of  them. 

This  knowledge  is  necessary  for  the  interpretations  cf  test  results  and  helpful,  if  a 
test  program  for  single  shear  fastened  joints  has  to  be  created. 

Some  general  rules  for  the  design  of  mechanically  fastened  single  shear  joints  can  be 
established  from  the  theoretical  results  shown: 

-  •  The  strength  of  a  CFRP-plate,  fastened  onto  a  metal  plate,  is  dependent 

upon  the  geometric  dimensions  of  the  joint. 

-  A  good  design  of  a  single  shear  fastened  joint  seems  to  be  when  both 
plates,  the  metal  and  the  CFRP-plate  are  cf  about  the  same  thickness. 

-  Increasing  the  plate  thicknesses  results  in  higher  bending  moments 
of  the  bolts,  but  does  not  affect  the  strength  of  the  two  plates. 

-  smaller  bolt  diameters  lead  to  higher  local  bearing  stresses  for 
the  CFRP-plate,  but  also  to  highar  binding  moments  of  the  bolt. 

-  A  CFRP-plate  with  a  low  modulus  of  elastic.'1  ty  is  not  affected  by 
such  high  local  bearing  stresses,  but  the  other  plate  has  to 
withstand  higher  local  bearing  loads. 

-  For  the  bolt  the  slope  of  b_  (Figure  5*6)  shows,  that  for  a  thinner 
metal  plate,  its  maximum  bending  moment  decreases. 

-  A  CFRP  to  metal  joint  can  transfer  the  highest  loads,  if  the  metal 
parts,  both  bolt  and  plate,  are  as  stiff  as  possible. 

As  a  summary,  the  theoretical  investigations  confirm,  that  large  thicknesses  of  the 
two  laps  result  in  less  than  ideal  conditions  for  the  bolt.  Alternatively,  if  the  two 
laps  are  designed  too  thin  then  the  local  bearing  straBses  are  allowing  only  a  small 
load  to  be  transferred. 
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Figure  1  ;  Specimen  Configuration 


Figure  4  t  Load  Transfer  of  the  Specimen  Configuration 


Figure  S  j  Maximum  Bearing  a  trasses  and 

Maximum  Bending  Momenta  of  the 
Bolt  for  Various  Steel  Thicknesses 


MAXIMUM  BEARING  STRESS 
OF  THE  CFRP-PLATE 


Pigura  #  t  Dlffarcnca  batvxn  f t««l  and  Light  Alloy  Configuration 


JOINING  OF  CARBON  FIBER 
COMPOSITE  WITH  FASTENERS 
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SUMMARY 

Thia  papar  deals  with  the  Aaritalia  axparianca  on  drilling  tachniquaa  and  faatanar  aelaction  for  ad- 
vancad  conposita  aasambly.  Dataila  ara  providad  on  fabrication  tachniquaa.  Informations  ara  givan  on  eor- 
roaior.  pravantion. 


1.  INTRODUCTION 

Aarltalia'a  axparianca  partaining  to  carbon  conposita  atructurea  going  back  to  the  early  70's  when 
curing  of  lab- scale  carbon  composites  was  started  followed  by  experimental  G  222  spoilers. 

Aeritalia's  knowledge  was  built-up  on  several  programs.  An  important  step  came  from  the  partecipation  to 
the  Boeing  B  767  program.  Aeritalia's  involvement  in  the  development  work  was  ample  and  essential  to  the 
utilization  of  carbon/spoxy  in  the  program. 

The  production  phase, which  la  still  going  on,  gave  Aaritalia  n  deep  experience  in  the  area  of  large  C./EP. 
components  fabrication  and  assembly  and  contributed  to  the  development  of  both  engineering  and  production 
knowledge  that,  combined  with  Internal  research  acitivity,  have  given  Aaritalia  a  leading  position  in  the 
area  of  advanced  composite  atructurea. 

This  experience  was  completed  and  furtherly  enhanced  through  the  development  of  Aaritalia  ATR  42  program 
and  partecipation  to  the  ND  BO  and  Rohr  CFN  56-5  program*,  which  have  given  Aaritalia  a  widely  recognized 
knowledge  of  the  state-of-the  art  technology  for  C./EP.  aerospace  structures. 
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!  2.  DRILLING 

A  few  basic  recommendations  must  be  token  into  account. during  drilling  operations , to  guarantee  good 
quality.  Clamping  pressures  should  be  well  distributed  to  avoid  damaging  parts. 

Once  the  cut  is  started,  it  should  not  be  stopped  since  this  may  leave  tool  marks  on  the  surface. 

Tools  shall  always  be  kept  as  sharp  as  possible.  Dull  tools  create  more  heat  than  sharp  one. 

Since  all  plastics  are  poor  conductors,  heat  builds  up  on  tha  cutter  causing  tools  to  break  down  rapidly. 
Besides  dull  tools  generate  edge  delaminations,  chipping,  crazing,  and  tearing  of  fibers. 

In  fact,  dull  tools  generate  higher  cutting  forces  that  will  tend  to  delaalnatlon. 

Back-up  strips  are  helpful  in  preventing  delamination,  mainly  with  unidirectional  tape*. 

*  A  fiberglass  layer,  used  as  a  c.  Ion  protection  layer, is  also  helpful  in  preventing  delamination  du¬ 

ring  drilling.  During  drilling  _oner*lly  recommended  a  frequent  retraction  of  the  cutter  to  prevent 
drill  binding  and  tapered  holes. 

In  deep  holes,  coolants  are  halpfull  to  prevent  tip  overheating.  Feeda  should  ba  reduced  near  the  erd  of 
the  cut  to  prevent  chipping  or  break  through. 

Different  shapes  of  tools  are  utilised  in  drilling  C./EP.  parts.  Aeritalia's  experience  and  manufacturing 
research  selected  a  tungsten  carbide  drill  patented  by  Aeritalia  and  shown  in  Fig.l 
t  The  minlaum  drilling  speed  utilised  with  thia  cutter  is  4500  R.P.M. 

£  C./EP.  parts  must  often  be  drilled  together  with  the  structure  component*  made  in  aluminum  or  titanium  ma¬ 

terial  to  avoid  holes  misallngment. 

t  To  drill  these  assemblies  traditional  helix  drills  in  tungsten  carbide  ara  used  starting  from  the  C./EP. 

i  aide  and  using  a  drilling  template. 

5  The  metal  is  used  as  back-up  to  avoid  tha  delaalnatlon. 

f  Aluminum  -  C./EP.  assembllaa  are  drilled  at  400”  -  4500  RFM.  Titanium  -  C./EP.  assemblies  are  drilled  at 

F  ISO  -  300  RPM.  Close  tolerance  hoi  are  ms"  ;  0,8  set  mlnored  drill  point  and  than  completed  by  rea- 

f  aing.  A  peouliar  problem  it  .  —  Jo.'.iing  op  ...  of  a  sandwich  structure  for  blind  fasteners  installa- 

|  tion  (  tee  Fig. 2  ),  The  drilling  operatic^,  a  Accomplished  with  the  a are  technique  plus  an  inside  cleaning 

I  operation  to  provide  a  eultable  mating  surface  for  the  blind  fastener  head. 

I  The  cleaning  operation  is  accomplished  with  a  special  tool  developed  by  Aeritalie  for  which  a  patent  re¬ 

quest  is  pending. 
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AERITALIA'S  PATENTED  CARBON/EPOXY  MATERIAL  DRILL  POINT 
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DRILLING 
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-SOLID  LAMINATE 


INSIDE  CLEANING 


FIG. 2 

DRILLING  OPERATIONS  IN  SANDWICH  STRUCTURES 
FOR  BLIND  FASTENER  INSTALLATION 


3.  FASTENERS 

Thrms  types  of  fasteners  are  generally  utilised  for  C./EP,  assemblies  :  typical,  blind  and  hollow  en¬ 
ded,  Typical  fasteners  are  very  similar  to  the  ones  utilised  for  metallic  assemblies. 

Particularly  interesting  is  the  utilisation  of  fasteners  with  ohi-lok  type  pin  on  K-fast  type  nut. 

In  feet  this  type  of  fastener  has  the  following  advantages  i aspect  the  traditional  hi-lok  : 

-K  fast  nuts  generally  have  lower  purchase  prise  than  collars. 

-There  is  no  broken  collar  or  pin  to  contend  with. 

-The  low  profile  allows  eaaier  installation  in  limited  access  areas. 

-K  feat  nuts  are  reusable  according  to  solitary  specification  NIL-N-25077. 

-The  ova raised  nut  countsrbore  configuration  allows  standard  K-faat  nuts  to  be  used  on  el Lher  standard  or 
oversiaed  pins,  elisinatinj  the  need  for  duplicate  Inventory. 

-Closely  controlled  setting  torque  eliminates  prossible  surface  daaage  and  gives  a  more  consistent  pre-load, 
-They  can  be  retorqued  after  sealant  setting. 

Blind  fasteners  for  cosipoaites  must  provide  a  large  blind  side  upset  to  reduce  possible  delaaination. 

The  large  blind  side  permits  the  fastener  to  exert  very  clamp-up  loads  to  the  structure, without  damage. 
The  two  moetly  used  types  of  blind  fasteners  are  the  "big  foot"  and  the  one  with  an  expendible  washer. 

The  "big  foot"  is  shown  in  Fig. 3  and  its  installation  procedure  shown  in  Fig. 4  is  : 

1)  The  fastener  is  inserted  into  the  prepared  hole.Tho  installation  tool  is  pieced  over  the  screw  to  aimul 
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taneoualy  sngaging  ths  wrsneh  flats  and  tha  drlva  nut. 
'NRENCH  FLATS 

SCUM 

HEX  DRIVE  RUT 


NUT 

BREAK  GROOVE 


LOCKING  FEATURE 


FI0.3 

"BIG  FOOT"  FASTENER 


FIG. 4 

"  BIG  FOOT  "  FASTENER  INSTALLATION 


2)  Torque  it  applied  to  tha  icm  while  tha  drlva  la  hald  stationary. 

Screw  advances  through  nut  body  to  causa  sleeve  to  be  drawn  up  over  the  tapered  nose  of  the  nut. 

Blind  head  formation  is  started. 

3)  Continued  thigh toning  removes  sheet  gap,  completes  the  large  blind  head  and  clamps  the  sheets  tightly 
together. 

4)  Wien  the  aleeva  forma  tightly  against  the  blind  aide  of  the  structure,  the  screw  will  fracture  in  the 
break  groove. 

The  tool  is  pulled  away  and  the  pintail  drlva  nut  assembly  is  discarded. 

In  this  fasteners  the  alaeve  buckling  is  accomplished  directly  against  the  composite  structure;  this  could 
result  in  local  crushing  of  the  composite  material,  but  this  has  never  been  experienced  by  Acrltalla. 

Very  critical  is  the  formation  of  the  correct  head  on  the  bl'ind  side.  Aeritalis'a  experience  is  that  the 
Installation  of  "big  foot"  fasteners  is  reliable  providing  that  a  constant  driving  tool  ia  used  without  ac¬ 
tion  interruption  to  allow  the  thermoplastic  ring  correct  fusion.  If  during  the  installation  the  driving  is 
interrupted,  the  head  formation  can  be  affected  and  dissemltry  will  result  (see  Fig.S). 


Fia.s 

POTENTIAL  PROBLEM  FOR  "BIO  FOOT"  FASTENER  INSTALLATION 

The  installation  shall  be  accompliahed  by  hand  or  automated  machine  at  30  RPN  minimum. 

The  "expendible  washer  fastener"  is  shown  in  Fig.S, its  installation  procedure  is  t 

1)  Thu  fastener  is  inserted  into  the  prepared  hole  and  the  installation  tool  is  placed  over  it. 

2)  The  advance  of  the  eorebolt  forces  the  washer  and  aleeva  over  the  taper , expanding  and  uncoiling  the  wa- 
aher  to  its  maximum  dlametar. 

3)  Continued  edvance  of  tha  corebolt  draws  the  wither  and  alatva  against  the  Joint  surface, preloading  the 
structure.  At  a  torqua  lavel  controlled  ty  the  break  groove,  the  slabbed  portion  of  the  corebolt  s-tpara- 
tea,  and  inctallatlon  ia  complete. 

Though  this  type  of  fastener  has  not  givsn  ths  potential  problems  of  the  "big  foot", it  is  not  being  utili¬ 
sed  st  Aeritalis.  In  fset  ths  following  problems  were  encountered  during  its  laboratory  vsiutstion  (  on 

4  mm  diameter  fasteners  ): 

-Shank  bearing  over  the  head 


♦ 


i 


j 
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-Shank  breaking  balm  the  head 
•Shank  breaking  without  gripping 


EXPENDIBLE  Ml  SHIR  FASTENER  INSTALLATION 


Tha  hollow  andad  faetensrs  ara  ahown  in  Fig. 7 


BEFORE  AFTER 


INSTALLATION  INSTALLATION 


FIG.  7 

hollow  kndsd  fasteners 


Thay  ara  utiliaed  in  araaa  ware  doubla  vlda  aerodynamic  curfacaa  must  ba  ensured.  Tl.ay  ara  made  out  of  an¬ 
nealed  tltaniuu-columbium  alloy  or  bimetallic  materials  (body  haat  treatsd  titanium  alloy  ar.d  tall  annua- 
led  titanium  -  columbium  alloy)  ao  that  aftar  poaltioning  tha  faatanar  from  tha  countaraunk  haad  alda,  tha 
manufactured  head  can  ba  aaaily  awaked  to  ita  required  ahapa. 

Thai  ara  mainly  utiliaad  at  Aaritalla  to  Join  trailing  tdgaa  of  control  aurfacaa  whoaa  parta  are  mechani¬ 
cally  assembled.  No  particular  problem  ia  cauaed  hy  their  installation. 


4.  CORROSION  PROBLEMS 

Joining  C./EP.  parta givaa  gulvanic  compatibility  problem.  Thie  problem  haa  bean  reduced  with  the  ri¬ 
ght  aelection  of  faatanar  materials  and  insulating  with  particular  cara  tha  elements  of  tha  Jolnta. 

The  featenera  aatarial  must  ba  as  leaa  dissimilar  aa  poaaibla  to  C./EP.,  from  a  galvanic  stand  point. 

The  moatly  uaeJ  type  ia  titanium,  which  couplaa  the  apacific  atrength  characteristics  to  tha  low  galvanic 
diaaimilarity  with  carbon, 

Tha  faatanar  ie  alao  inaulatad  with  an  organic  coating. 

The  biggest  potential  corrosion  problem  la  ancountarad  whan  a  carbon  structure  la  Joinad  to  a  metallic  one, 
mainly  aluminum  componsnts  that  la  strongly  anodic  to  tha  carbon. 

Tha  aolutlon  was  to  inaulats  both  tha  carbon  atructuraa  (that  usually  are  a  large  eathod)  and  the  aluminum 
parta  faatanad  to  thao.  Tha  inaulatlun  of  tha  C./TP,  parts  is  guarantaeu  by  a  ply  of  fibarglass  appliad  du¬ 
ring  tha  lay-up  on  tha  aide  coupled  to  the  clu&inum  component. 

The  aluminum  parts  are  insulated  by  a  layer  of  primer  and  one  layer  of  • camel  and  installed  to  the  mating 
aurfacaa  with  frying  asalant.  Fasteners  going  through  tha  Joining  aurfacaa  will  ba  wat  installed  with  sea¬ 
lant,  Laboratory  taata  and  mainly  aarvica  exparlanca  csrtiflsd  tha  reliability  of  this  protection. 
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».  CONCLUSION 

Sort mUoal  Highly  of  oarhon/apoay  eoapononta  la  on  operation  that  appooro  not  too  far  froo  tha  tra¬ 
ditional  ono%  OOvloualy  it  rooulraa  tha  fcnoulodt*  of  aooo  ooaontlal  precaution!  and  tha  nood  of  follovlnt 
ana*  rooowmdatlona  that  only  can  (uarantao  tha  rellotlllty  oonalntaney  and  quality  of  the  part*. 
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ENTUfcL''  BOULONNSBS  BN  MATBJUAUX  COMPOSITE  CARBON! 
COMPARA1SON  ENTRt  MONTAGES  A  INTERFERENCE  BT  MONTAGE  A  JEU 
Fm  DanM.  CHAUMUTTB 
Avion#  MarcW  Daiaault  •  Braguet-Aviatlen 
Saint-CHud  •  PRANCE 


RESUME 

Dm  muN  ont  4t4  tffKMii  da  Mw  tf aiMmbUga  carbon*  avac  vittariat  montBdt  avac  ou  mm  IntartBranca. 
In  rBaultata  montront  qua,  contralramant  4  c*  qua  4m  calculi  da  aurcontraint*  Blaatiqua  auraiant  HiaaB  atpBrsr, 
NnttrfBrtnc*  rfa  pa*  dtnfHianct  dgnJfkatlv*  sur  la  rBsiatanrt  statiqua  4m  Bprouvattaa,  m4me  aprBa  chargansant  an 
fatigue. 

Ca  rBeultat  pant  dexpUquar  par  la  mod*  da  ruptura  rBei  d*t  plicM  an  eonipaalta  trouBea  qui  fait  Intervene 
un*  adaptation  par  dBleminiga. 


I  - GENBRAUTES 

Dan*  |*  oadra  daa  difMrants  programmM  da  structure*  composite  qdaUe  a  conduit,  du  MIRAGE  )  au 
dBmonsuaank'  RAFALE  (vow  pianche  U,  la  SocaBtB  Avion*  Marcai  Deaaault-Breguet  AviaiHn  a  BtB  erocnBa  4 
dBvaiopper  daa  mBthode*  4*  calcul  ar4*  compRtee  IntBgrant  la*  taaotnMapa*  chanH*  (com  rain  to*  et  crlt4r*t  da 
ruptura),  Ha  caicuia  da  flansbage  poet-critique  an  oompraaaion,  M*  mBthode*  Optimisation  automatique,  at  H* 
compoaita*  <fit*  da  dauxUme  (Bnaration  (flbraa  4  moouH  intarmBdialra  (1M),  4  matrlea  biamaMlmld*  (EMU). 

La  prBsent  papHr  prBaenta,  extralt  da  cetta  baaa  tfaxpar  ianca,  la*  rBaultat*  dBtudea  at  rfesaaia  aur  Ha 
performances  ^assemblage*  par  viaaarHa  montBaa  4  IntartBranca. 


1  ■  LE  ROLE  DE  L1NTBRFERENCE  DANS  LES  ASSEMBLAGES  METALUOUES 

L'intBrBt  du  montage  4  inter (Branca  pour  H  tanua  an  fatigue  da*  aasambiagea  mBtaiUqcaa  Mt  connu  dap>jia 
tr4*  iongtamp*  at  ratta  mBthode  ait  pratiquBe  da  fagon  axtanaiva  aur  un  certain  nombre  da  structures. 

La  mBthode  la  pH*  aouvant  utiUtBa  aat  H  montag*  da  viaaarHa  cyiindriquat  standard  da  diamBtr*  tupBriaur  au 
tree,  mala  auaai  da  viaaarHa  spBdaUaBea  (par  axampH  via  coniques)  at  da  ayatima*  am  coniqua-bague  pour  tea 
ehapa*. 


La  rEla  da  rintartBranca  est  doubt*  i 
.  da  U  mi  tor  1*  trotting  an  Umitant  Hi  mtcromouvomanti 
■  da  roduira  la  contralnta  maximal*  at  rampiitud*  du  cyciu  d*  iatigua. 

Co  deuxlBme  point  aat  axplicltB  dani  U  pianche  2  (tirBe  da  I*  rBlBronco  (ill  nui  montr*  H  rBtulUt  du  calcul 
par  elBmami  finis  thin  trou  crtquB  avac  dMferentes  longueurs  do  crique  (calcul  par  elBments  finia  non  UnBaira*  avac 
contact  v .viable  antra  H  fixation  at  H  trou). 

Catto  pianche  mantra  dalramant  qd4  partlr  Tun*  cartaln*  charge,  ‘'interference  rBdult  la  contrairit*  an  bord 
de  trou.  Par  ail  Hun,  *1H  redult  auaai  1'amplitsxH  de  variation  de  cootrelntes. 

Sur  H*  mater Hux  mBtaiUqutt,  cat  atfat  na  Joue  qu*an  tanua  an  fatigue  at  propagation  de  criques,  at  non  an 
tanu*  itatique  du  fait  da  ('adaptation  plaatiqua  da  cat  matBriaux. 

Pour  Hi  matBriaux  compotltai  qui  n'ont  prettauement  pa*  ^adaptation  plaitique,  I'interlBrencr  pourrait  done 
at  prBaentar  comma  un*  aolution  pour  -mBilorer  auaai  I*  tanua  statique.  Ctst  c*  qui  a  fait  fobjat  (fur*  verification 
expBrimantete  aur  Bprouvatta*  4  fixations  non  chargees. 

La  materiau  utllliB  ost  uno  tlbr*  da  carbon*  4  module  Inter mBdlaire  (1M)  dans  une  matrlea  bismalBimide 

(BMI). 


La*  viasarMs  utlllaBas  aont  montria*  an  planch*  J. 

On  compare  le  ca*  da  baaa  du  la  vis  IraiiBa  avac  lea  fixation*  4  interference  HUCK  TTTE.  Ces  fixatinns 
utUlaant  un*  bagua  lubrltlBe  pour  Bviter  dt  dalamlnor  H  compoaita  lots  du  montage. 

Daa  arsala  aont  auaai  fait*  avee  daa  rivets  MLGPL  t  tti*  iraiaBe,  aimilatraa  au  HUCK  T1TE  mala  monies  4  jau 

atsansbagu*. 

Ca*  reaultats  a*rom  ausal  compares  daa  raauitats  de-aaia  atatlquaa  faita  11  jr  a  qualquaa  annaas  sur  das 
eprouvettes  an  T JOO-9U  at  utUlaant  das  via  4  tit*  IsaxagonaH  montBaa  sort  4  jau,  aoit  4  Interference  avac  bagua. 

i  .  ESSAjS  AVRC  INTERFERENCE  DANS  LES  COMPOSITES  »  CAS  DES  TROUS  NON  CHARGES 

Caprouvetta  utilise*  eat  un*  Bprouvett*  standard  IS  pits  du  standard  AMD-BA  montrBa  planch#  t. 

La  plancha  5  mantra  l'Bprouvette  utiliaBa  I  ora  daaaais  antBrHura  an  TM0-9M. 


La  planeha  A  montr*  laa  r4«uintt  fuuil  an  traction  «t  compression  Mr  Aprouvatta*  natives.  On  conatata 
qu*.  conttairtment  w*  MpArmctr  rintarfAranca  nlutm  rlan,  «t  mdm*  **t  lAgArement  dAtavorabl*  A  la 
Kaltunc*  an  traction  caciiwt  Man  tur  tMt-BMI  qua  aurT300-*i*. 

L'mlMnoa  da  iHntarMmnct  Mr  i>t  tanua  an  latigu#  a  auaai  AM  AtudiAa  t 

La  qrda  da  fatigue  appliquA  aat  un  cycle  voi  par  val  standard  "MIRAGE  2000"  ir.odlM  par  la  rtjout  da  I  pic  A 
IQ  g  MM  Im  MO  volt. 

La  charge  da  rAtAranca  1 1  aat  prist  Agate  A  la  (Aar fa  da  rupture  atatiqu*  da  CAprouvatta  du  type  contidArA 
dtvlaAa  par  ll  (an  traction  pour  tat  Aprouvattaa  latigue-trection,  an  compression  pour  Itt  Aprouvattaa 
fatipua-compraasion),  15000  volt  aont  appllquAa,  ca  qul  fait  qua  ca  chargamant  an  fatigue  aat  tria  sAvAr*  tant  au 
nlvaau  da  cantralnta  qu“*n  nombro  da  vote. 

Aucuna  Aprouvattu  ifayant  JtA  rompu*  lora  da  cat  aaaala  da  fatigua,  a  lies  ant  AtA  caaaAaa  an  tudqu*  rAtWcal, 
dana  trola  cat  da  chargvmant  i  raddual  an  traction  aur  Aprouvatta  faUgu*  an  traction,  rAaMual  an  comprataian  aur 
Aprowvatta  fatigue  an  r action  (pour  mattra  an  Jvidtnc*  une  Avantuwl*  influence  da  dAiamlnaga)  at  rAtldtal  an 
compression  aur  Aprouvatta  tatlgua  an  comprataian. 

Lot  rAtultata  da  cat  aatah  aont  mentrAa  planeha  1,  an  comparaiaon  avac  lot  Aprouvatta*  non  fatlguAea. 

On  conatata  qua  melgrA  la  sAvAritA  du  chargamant  da  tatlgua  aopliqui,  la  fatigua  n'a  qua  tria  peu  (flnitunnc* 
at  pout  m*ma  dana  cartalnt  cat  amAliorar  MgAramant  la  rAalatanca  rialduell*. 


»  -  atfi  AVEC  INTERFERENCE  PANS  LBS  COMPOSITES  I  CAS  DM  ENTURES 

La*  aaaala  ont  pcrtA  aur  da*,  an  tunas  du  standard  AMD-BA  (voir  planch*  I)  adaptAaa  aux  matArlaux  compoaltaa 
IM1-BMI. 

Laa  aatais  ont  AtA  (alt*  avac  via  A  jtu,  rlvats  HUCK  TITE  montAs  avac  daux  nivaaux  (flntarfAranca  at  rlvats 
MLGPL  montAa  A  iau. 

La  planch*  *  mcntra  l«a  rAaultata  da  tanua  atatlqua  an  traction  aur  Aprouvatta*  nauvat  (nl  vieUlles,  ni 
fatlguAea). 

On  conatata  qua  laa  Aprouvattaa  HUCK  TITE  titnnant  nattamant  ml  aux  qua  las  Aprouvattaa  avac  via  (la  mode 
da  rupture  Atant  la  mntaga,  avac  divem.ment  at  rupture  da  la  vlaX 

Mala  cat  Acart  nfett  pas  dO  A  rintarfArenca.  En  aflat  laa  Aprouvattaa  AquipAes  da  rlvats  MLGPL  (somblables 
aux  rivets  HUCK-TTTE  mala  montAa*  A  Jau  tan*  bagua)  tiannant  encore  minus. 

Cam  conttatatlon  aat  recoup**  par  das  rAaultata  tfaatais  plus  aneiana  *>v  onturas  en  T 300-91*  a  via 
hexagonalea  (vwr  planeha  10)  qul  m entrant  qu*a  iso-fixation,  NntarMrance  ne  jour  pratiquemant  pas. 

La  planch*  11  montr*  las  rAaultata  an  compression. 

On  constat*  IA  ausai  que  rintarfArenca  n'a  paa  <f  influence  aur  la  tanua  atatlqua. 

La  plrnch*  12  montr*  l'influanc*  da  la  fatigua. 

Laa  cycles  dr  fatigua  appllquAa  aont  dtfinla  da  la  inAm*  taqon  qua  pour  laa  Aprouvattaa  monotrou  de  la 
planch*  7. 

On  conatata  que  I*  cycle  da  fatigue  appUquA  qul  aat  pourtant  tris  aAvAra  rfa  aucuna  lnfluar.ee  dafavorable  aur 
la  tanua  atatiqu*  rAaidualla  at  aouvant  mtma  l'ainiliora,  dana  certains  cas  da  10  %, 


i  -  INTERPRETATION  ET  CONCLUSIONS 

Contralremant  A  ca  qua  fAtud*  du  champ  da  contrainte  Alartlque  an  bord  da  trou  petit  Ulster  p*na*r,  I* 
montag*  A  interiArenc*  d*  fixations  dans  da*  aaaamblag**  compoalta- composite  n'apport*  aucun  hAnAllce  significant 
an  tanua  sfatlquc,  qua  ca  aolt  aur  plica  native  ou  aur  piece  fatlguA*. 

C*  ratultat  aat  dacevant  (encore  qt/il  reconfirm*  la  ramarquaoia  tanua  an  fatigue  da*  matArlaux  composite 
carbon*).  U  petit  c* pendant  s'inttcprAtar  ai  i’on  consider*  1«  mAcanisme  partlculiar  de  la  nature  au  bord  (fun  trou  an 
traction. 

Una  A  tub  i  alfactuA*  par  AMD- BA  (reference  (2) )  a  portA  aur  (’Identification  da*  dom  mages  *t  dAlaminages 
en  bord  (fun  trou  a  tst  niveau  da  chargament  tria  prAa  da  la  rupture  atatlqua,  dana  diffArent*  cat  de  drapag*. 

La  planeha  13  prAaant*  dana  un  cat  particuiier  une  achAmatlaatlan  de  U  nature  at  da  fAtandu*  de* 
dAlamlnaga*  an  border*  da  trou.  On  corttate.  autour  das  pUa  A  0*  U  pretence  simuitane*  d*  dAlaminages 
inter  land  nairas  antra  pUa  A  0*  at  pUs  <f autre,  directions  at  da  dAlaminages  tranalaminairea  dana  laa  plia  A  0*. 

Cares  mbl*  de  cat  dAlaminages  a  pour  affet  pratique  de  de  charger  partiallamant  laa  fibres  A  0*  tangantialies 
au  trou, 

Caci  aat  dAmontrA  par  ia  planeha  12,  qul  prAaant*  laa  caicula  par  AiAment*  Unit  fait*  A  partir  da  la  planeha  1 1 
(avac  dllfArants  deg.-es  da  simplification). 


On  constate  qua  la  flbr*  i  0*  est  dichargie  de  faqon  notable  par  let  deiaminages,  et  ce  calcul  recoupe  de 
lac  on  tris  correct*  la  valcur  experimental*  de  la  rupture. 


Compte  tenu  de  ce  micanlsme  (f adaptation,  on  peut  penaer  que  i'eflet  du  montage  »  interference  eat  en  fait 
masque  par  1*  mecanlsme  tf  adaptation  &  rupture. 

Cn  compression,  on  peut  penaer  que  de  toutea  facons  une  parti*  important*  de  la  charge  paaae  en  appul  sur  la 
fixation,  qu'elle  aoit  monte*  i  jeu  ou  non,  et  que  ^Interference  a  peu  de  rble. 

11  en  result*  que  le  montage  &  interference  n1*  paa  cfintertt  dans  le  cas  de  liaison  carbone-carbone.  Par 
contra,  U  rest*  probablement  interessant  dan*  le  caa  de  liaison  carbone-dural  chargee  en  fatigue,  du  fait  de  son 
effet  benefiqu*  sur  la  tenu*  en  fatigue  de  la  partie  dural. 
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Planche  J  -  Eprouvette  et  fixation  utilised  pour  den  mall  anterieura  en  T 300-9 U. 

EPROUVBTTES  MONOTROU  N0N-V1KILLIES 
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Planche  6  -  Resultau  ifi-ui'i  de  traction  et  compreielon  (sent  fatigue). 
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INTLCIITCI  01  LA  FATIGUE  SOS  MONOTROUS 
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Planch*  7  -  Influence  de  U  fatigue. 
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Planche  I  •  Enture  J  rang <et  21  puc. 
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BNTCRB3  IK  TRACTION  STATIQUS 

m-iMO  HW-tmiu  upmi  a  ■§ 


Planch*  9  -  Essals  en  traction  sur  enturej  IM-BMI. 


BNTURES  EN  TRACTION 
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Planche  10  -  Essals  en  traction  sur  entures  T300-91*. 
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Planche  13  -  Schimatiaatlon  des  delaminages  au  bord  <fun  trou  en  traction. 


Planch*  14  •  Surcontralntei  dans  (a  fibre  k  0*  au  bord  (fun  trou  en  traction. 
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Thli  paper  documents  offoeti  of  environment,  pro  loading,  bushings,  local  reinforcement*  and  Joint  laminate 
tailoring  on  ttie  efficiency  of  CFRP-Jolnts.  Thereby  Joint  efficiency  at  static,  reildual  and  fatigue  strength  It 
considered.  The  laminate  lay-up,  the  fat  tenet  system,  fattenar  fit  and  clamping  stresses  were  not  changed.  The 
materiel  mod  war  fleC/TSOO  or  Fiber  It  a  774/T300.  Critical  hot/wet  condition  expected  In  tervlce  resfcced  Joint 
efficiency  but  preloading  an  fatigue  detlgn  lead  level  with  superimposed  temperature  cycle  per  flight  Ad  not. 
Retaliation  of  metal  bushings  Into  feitener  helot,  local  reinforcement  by  adding  layer*  to  the  hale  section,  end  Joint 
laminate  tailoring  throuc^i  ttrlp  detlgn  were  Introduced  to  reveal  their  ability  to  Improve  eompotlte  Joint  efficiency. 
They  proved  to  be  tuccettful  depending  an  detlgn  centtrainti  end  required  Joint  performance. 


At  In  metal  ttructurei  mechanically  foi toned  Joint*  are  critical  elementi  In  eompotlte  itructuret  too.  From 
numerout  experimental  and  theoretical  Investigation*  /  1;  2;  3;  4  /  optimal  geometry  paramo  tori  (e/dj  d/w;  d/t)  and 
laminate  lay-up  structure  hare  evolved.  However,  Joint  ttrength  itlll  remained  low  compered  to  the  ttrength  of  the 
basic  laminate.  Thli  lj  represented  by  the  to  called  Joint  Efficiency  (JE)  which  It  the  ratio  of  grou  tectlon  Joint 
ttrength  to  laminate  ttrength  away  from  the  hole.  This  paper  considers  JE  at  a  function  of  eyelet  to  failure,  where 
the  JE  at  N  •  1  It  the  ratio  of  static  strength  data.  The  effects  of  fatigue  loading  with  and  without  tuperimpoted 
environmental  condition*  and  of  method*  to  Increase  JE  are  presented.  These  Improvement  measure*  Include 

-  bushings  Installed  In  fastener  hole*, 

•  local  reinforcements  by  adding  layers  to  the  be  tic  laminate  In  the  hole  area,  and 

-  Joint  laminate  tailoring  by  dividing  the  laminate  In  to  toft  and  stiff  strips  running  parallel  to  the  local 
direction. 

The  laminate  used  contained  47  percent  0*,  47  percent  ±  45*  and  4  percent  90*  layers. 

The  Investigation  of  Joint  tailoring  began  with  stress  analysis  by  a  finite  element  method  to  provide  a  nearly 
optimal  strip  geometry  far  the  specimens.  The  analytical  and  experimental  results  are  documented. 


Joint  Efficiency  as  a  Function  of  Cycles  to  Failure 

The  SN-curves  In  Fig.  I  and  Fig.  2  show  typical  results  of  laminote  and  Joint  fatigue  testing  respectively  /  5  /. 
Corresponding  to  definition  of  Joint  efflcieny  (JE)i 

—  (  Strength  of  Joint  \  •  I  ^J  \ 

'  I  Strength  of  Basic  Laminate^, 

the  "Joint  efficiency  curve"  lr.  Fig.  3  was  derived,  representing  the  fatigue  strength  ratios  which  may  also  by  expres¬ 
sed  at  1/Kf.  A  comparable  JE-nurve  for  metal  Joints  It  added  to  Illustrate  the  most  Important  difference  in  static 
strength  at  N  •  1,  where  composite  Joints  exhibit  the  lowest  and  metal  Joints  the  largest  JE.  With  Increasing  number 
of  cycles  to  failure  the  JE  of  metal  Joints  typically  decreases.  The  Increasing  JE  of  the  composite  Joint  seems  to  be 
specific  for  this  Joint  configuration.  JE-curves  for  100  percent  load  transfer  composite  Joints  for  example  show  a 
nearly  constant  JE  /  4  /. 


The  Influence  of  Environment  on  Joint  Efficiency 

Far  two  conventional  carbon/epoxy  systems  the  effect  of  environment  and  fllght-by-fllght  loading  on  JE  was  In¬ 
vestigated  /  7  /.  Goth  the  environmental  and  fatigue  loading  conditions  corresponded  to  design  criteria  for  composite 
structure  In  a  fighter  aircraft.  Fig.  4  shows  the  JE'*  at  N  «  1  for  the  loading  condition*) 

RT;  "as  received", 

-  ♦  170*  C;  equilibrium  moisture  content  corresponding  to  S3  percent  relative  humidity  (hot/wet)  and 

-  hot/wet  after  preloading. 

The  prvioadlng  was  four  ll.es  (14000  flights)  with  FALSTAFF  loading  sequence  ond  superimposed  temperature 
cycles  per  flight. 

Note  that  tensile  loading  Is  critical;  It  leads  generally  to  lower  Joint  efficiencies  than  compressive  loading. 
There  I*  a  significant  drop  In  Joint  efficiency  due  to  the  hot/wet  condition  but  no  furthor  reduction  due  to  the 
adaitlml  preloading;  Instead  It  seems  that  preloading  at  fatigue  design  load  level  was  beneficial.  This  correlates  to 
with  often  observed  Increase  of  residual  strength  after  preloading  of  notched  composite  laminate  specimens,  see  for 
example  /  8  /. 


Dm  Effect  of  Bwhhji  an  Joint  Efficiency  of  CFRP  Joints 

Installation  of  bushings  in  fastener  helm  wo*  originally  introduced  at  a  repair  measure  and  01  a  eott  loving  al¬ 
ternative  to  dcu  toki  one*  hole*  /  7  /.  Cylindrical  ond  tapered  bushing  arc  shown  on  Fig.  3  wore  bonded  (EA-734, 
Hysol)  Into  th*  halo.  Besides  bonding,  cylindrical  bushings  wiier*  cold  worked  to  receive  on  Interference  fit  of  the 
bushing  In  the  hole.  The  Installed  bushing  hod  been  expanded  by  pushing  a  tapered  mandrel  through  the  bushing.  Th* 
expansion  wo*  such  that  the  low  alloy  steel  bushing  received  a  tight  fit  In  the  CFRP  laminate  and  there  was  Just 
enough  clearance  to  Install  the  fastener  by  hand. 

Fatigue  testing  of  CFRP-Jolnti  with  and  without  bushing  led  to  the  Joint  efficiency  data  shown  In  Fig.  i.  Th*  re¬ 
sults  revealed  that  bushings  had  Increased  JE  of  100  percent  load  transfer  Joints  (pur*  bearing)  at  N  *  103  and  N  « 
106  and  th*  beneficial  affect  was  enlarged  with  tighter  fitting  bushings.  Joints  with  by-pott  loading  hawed  equal  nr 
somewhat  less  Joint  efficiency  when  bushings  are  Installed.  It  should  be  noted  that  bolt  diameters  were  kept  constant 
and  therefor*  holes  In  Joints  with  bushings  where  larger  corresponding  to  th*  wall  thickness  of  th*  bushings  which 
were  ,73  to  1.15  mm.  It  appears  that  bushings  tightly  Installed  In  fastanor  holes  have  th*  ability  to  Improve  th*  JE 
of  100  percent  load  transfer  Joints  permanently. 


Dm  Effect  of  Local  ftetnfacrensent  an  th*  Joint  Efficiency  of  CFRP-JaMi 

Local  reinforcement  In  the  area  of  high  stress  concentration  is  a  conventional  method  to  improve  performance 
of  the  overall  structure.  It  can  also  be  practiced  with  composite  strictures  by  uddtng  layers  In  th*  critical  region. 
Dm  reinforcing  layers  are  either  cocured  with  th*  laminate  curing  process  or  bonded  to  th*  cured  laminate.  With 
respect  to  geometty  the  additional  lovers  are  either  placed  symmetrically  on  both  sides  or  Just  on  one  side  of  the  la¬ 
minate,  see  Fig.  4 , 

Fatigue  and  static  tasting  of  composite  Joint*  with  end  without  local  reinforcements  /  4  /  revealed  the  JE  Im¬ 
provements  shown  in  Fig.  4 .  The  upper  part  of  ttw  r'lgure  shows  the  improvement  by  additional  +,  45°  ond  0°-layert 
increasing  the  critical  snctlan  by  a  factor  of  U.  At  N  •  I  tire  Improvement  factor  1s  dose  to  reinforcement  faetor; 
however,  at  N  •  104  tl,e  local  reinforcement  had  become  lets  effective  os  th*  improvement  factors  hat  dropped  to 
1.2.  This  correlates  with  th*  shape  of  th*  SN-curves  in  Fig.  7  showing  larger  slopes  with  reinforced  Joints.  Thus  It 
appear#*  that  th*  beneficial  affect  of  local  reinforcement  diminishes  with  Increasing  number  of  cycles  to  failure.  But 
the  Improvement  remaining  at  N  »  104  I,  stress-wise  and  llfa-wlsa  still  larger  than  thot  readied  by  bushings.  From 
th*  literature  even  larger  Improvements  are  known  when  the  critical  tertian  it  more  rigorously  enlarged  os  for 
example  by  a  foe  tor  of  4.0.  This  led  to  an  Improvement  foe  tot  of  2.5  at  N  •  1  at  Illustrated  In  th*  lower  part  of 
Fig.  4.  Here  all  reinforcing  layers  where  added  on  one  tide  of  th*  quasl-lsotroplc  laminate.  This  may  have  contri¬ 
buted  to  the  failure  mechanism  through  detachment  of  th*  reinforcement  with  subsequent  secondary  not  section 
fracture.  It  Is  assumed  that  symmetrica!  reinforcement  would  Increase  the  Improvement  efficiency;  however  It  should 
alto  be  lumemberod  that  In  the  quasl-lsotroplc  laminate  stress  concentration  Is  less  than  In  the  more  anisotropic 
laminate  /  2  /  applied  so  fur.  Generally  improvements  are  more  easily  reached  with  details  of  high  stress 
concentration  than  with  details  of  lower  stress  concentration. 


Dm  Effect  of  Joint  Laminate  Tailoring 

Local  reinforcement  Is  not  always  practicable  because  of  design  constraints  with  respoct  to  available  space  or 
aerodynamic  requirements.  Fortunately,  designing  composite  laminates  allows  tailoring  alcng  the  width  of  the  Joint 
resulting  In  a  to  colled  "strip  laminate"  which  It  schematically  Illustrated  In  Fig.  8.  In  essence  the  0"-layers  of  the 
basic  laminate  ware  transferred  outside  the  hole  area,  where  they  took  the  place  of  ♦.  45°-layori  which  wore  concen¬ 
trated  In  the  hole  oreo.  Between  the  stiff  strips  containing  the  0°-layert  end  the  soft  strip  with  tire  loaded  holes, 
strips  of  basic  laminate  wore  Introduced.  The  widths  of  the  strips  were  such,  that  basic  and  strip  laminate  had  the 
tame  compliance  (ttraln/load)  and  thickness.  This  measure  alms  at  an  Improvement  through  reduction  of  stress 
concentration.  To  prove  this  and  to  establish  an  optimal  strip  design  for  the  specimens  o  stress  analysis,  applying  on 
experimentally  verified  FE-method  was  conducted  first.  Fig.  7  snows  the  FE -model  at  the  critical  hole;  load  was 
Introduced  through  the  central  node!  point  of  the  bolt  mesh.  Lead  distribution  wet  calculated  through  simulation  of 
outer  Joint  ports  by  a  simple  rod  element.  Special  contact  clemenrs  were  placed  between  adjacent  nodal  points  across 
the  bolt-laminate  Interface.  These  contact  elements  could  only  transfer  radial  compressive  loads;  thereby  o 
frlctlonlett  Interface  was  produced  and  developing  gap  between  bolt  and  hole  surface  determined. 

Fig.  10  and  1 3  show  results  of  such  a  FE-itras*  analysis  in  form  of  stress  contour  lines  around  the  critical  hole  In  the 
basic  laminate  and  the  strip  laminate  with  optimal  strip  widths.  The  strip  design  Is  easily  recognized  by  the  pattern 
of  the  strets  contour  lines  displaying  that  tha  strips  pick  up  loads  corresponding  to  their  stiffnesses. 

Through  the  strip  design  the  maximum  stress  in  the  Joint  was  reduced  by  a  factor  of  1.8.  Taking  into  account  the 
difference  In  Joint  width  th*  stress  concentration  factor  was  reduced  from  TCt  «  3.0  to  K*  «  2.U.  It  was  found  that 
lood  was  more  uniformly  distributed  to  tha  holes  In  th*  strip  laminate  but  hole  deformation  was  twice  of  that  In  th* 
bctlc  laminate  as  demonstrated  by  th*  difference  In  gap  sizes  shown  In  rig.  10  and  11. 
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T>»  results  if  the  ft  mu  onoiysis  end  Hi*  originators  of  the  Joint  kmlnets  to!  taring  mottled  /II/  lugglit  tbct 
<ft*  efficiency  of  this  Improvement  measure  Inmates  with  the  number  of  fettener  row*.  Therafere  experimental 
JnvosMgaHon  on  th*  effect  of  optimal  atrip  dotlgn  on  Joint  strangth  comprised  double  sheer  Joint*  with  two,  thro*  and 
tour  fastener*.  Strength  ond  ultimate  load  of  basic  and  strip  kunjnote  Joint)  were  plotted  In  Plgr.  U  and  IS.  The  re- 
ndN  confirmed  Increasing  efficiency  with  Incrootlng  number  of  for  tenor*.  The  experimental  result*  to  far  Indlcoto 
that  Joint  tottering  tuceesr  fully  Increased  the  load  front  ter  capacity  of  bolted  composite  Joint*  a*  shown  In  Pig.  12. 
However,  It  did  not  exhibit  much  advantage  whan  JP  I*  ta  b*  Improved,  a*  shown  by  the  data  In  Pig.  13. 

InvaettgoHena  thou  Id  continue  to  dticlote  mor*  detolli  of  the  effects  of  Joint  laminate  tattering  on  the 
mechanical  behaviour  of.compeelt*  Joint*. 


Effect  of  expected  environmental  service  condition*  and  of  Improvement  measures  on  static  ond  fatigue  strength 
of  composite  Joint*  wot  Judged  (whenever  feosobleX  by  change*  of  Joint  efficiency  (JE). 

•  b*  contract  to  metal  Joint  behavior*  JE  of  CFRP-Jolnts  wee  found  to  bo  lew  at  static  strength  (N  »  I)  ond  In  the 
law  life  region, 

-  JE  dropped  at  hot/wet  service  condition  of  fighter  aircraft. 

-  Proloading  on  fatigue  design  load  level  with  superimposed  temperature  cycle  per  flight  did  not  cause  o  further 

drop  of  JE. 

-  Metal  bushing*  with  a  fight  fit  Improved  JE  of  100  percent  load  transfer  Joint*  In  the  high  Ufa  region  (N  >  105). 

-  Local  reinforcement  by  adding  0*-  and  *  4J*-layer«  to  the  basic  laminate  In  the  holt  region  Improved  JE  first  of 

all  at  N  n  I  (static  strength^  at  N  «  105  improvement  wo*  less  but  still  larger  than  Hiat  reached  with  bushings. 

Joint  laminate  tailoring  reducud  stress  concentration  ond  improved  load  transfer  capacity;  the  efficiency  of  this 
measure  Increases  with  number  of  fastener  rows. 
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Fig.  3:  Joint  Efficiency  at  Cycles  to  Foilure 
ot  Composite  and  Metal  Joints 


Fig.  4:  Joint  Efficiency  at  Hot/Wet 


Fig.  5:  Efficiency  of  Composite  Joints  without  and  with  Bushing 
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Fig.  6:  Efficiency  of  Composite  Joints  with  Local 
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Fig.  7:  S-N -Curves  of  Composite  Joints 
with  and  without  Reinforced  Hole  Areas 


Bosic  Laminate  Strip  Laminate 


r 


i 

j 


i 

f 

% 


! 

i 


I 


a»  J3 
£  » 
**  « 


O 

o 

*  o 
£  v> 

£  ® 

a. 

’C  a> 

**  r 
t/>  = 

&  O 

■o 

UJ 


41 

JZ 


o 

© 


c 

.2 

1 

o 


a  £ 


x 

e* 

c 


§- 

I 

1 

£Q 


(II 

V 

X 

o 

-J 

I 

« 

in 

♦i 


of 

« 

e  j?- 
if  E  ** 

I  ss 
1  .. 

°  o 


(A 

*S» 

o 

m 


o 

o> 


T3 

O 

O 

-J 

\ 

,C 

oi  6 

I  §w 

g  w  C 

•3  Ki  * 

.9- S  ai 

k-  “  Q. 
o*  L> 

V)  2 

j—  ® 
0^0 
C  a>  r 
o  E  o 

o  D  a 

w  m  E 

o  «.  o 
moo 


i 

o 

»> 

i 

o 


o 

<n 

M 

jT 


19-12 


Fig.  9:  Finite  Element  Model 
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Fig.  10:  Contour  Lines  of  Stresses  at  Critical  Hole 
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Fig.  11:  Contour  Lines  of  Stresses  at  Critical  Hole 


hOS 


-oe 


Basic  Laminate  with  c  =  1.29x10**  %/k N;  w  =  25  mm 


4 


20-1 


nimatsi  aw  residual  strength  variations 

OM  MECHANICAL  JOURS 

in  omr  specimens  in  cycling  loading 
by 

C.Caprlle  -  G.Sala 

Dlpartlmento  dl  Inge»neria  Aerospasiaie  -  Polltecnlco  di  Milano  -  Italy 


An  experimental  study  of  the  fatigue  behaviour  of  Jointed  specimens  made  of  carbon 
fibre  reinforced  plastic  has  been  carried  out.  Four  different  configurationa  and  four 
laminations  have  been  taken  Into  account,  to  point  out  the  influence  of  by-past,  load  / 
transfer  load  ratio  and  stacking  sequence  on  specimen  fatigue  behaviour.  Loading 
frequence  has  been  mantalned  at  20  C.P.S.  in  tension-tension  tests  at  room  temperature 
with  dry  test  conditions.  Fatigue  loads  have  cons la ted  in  an  alternate  component  ( 20* 
of  failure  load)  superimposed  on  a  constant  tensile  force  (60»i  of  failure  load).  The 
Influence  of  different  sequences  of  constant  amplitude  load  blocks  have  been  also 
investigated.  Residual  strength  and  stiffness  versus  number  of  load  cycles  have  been 
compared  for  the  same  stacking  sequence  by  varying  specimen  configuration,  and  for 
different  stacking  sequences  and  equal  configuration.  Elastic  and  tensile 
characteristics  have  been  monitored  on-line  by  means  of  load-cells,  LVDT  transducers 
and  strain  gauges.  Damage  growth  has  been  Inspected  by  making  use  of  N.D.T.  like 
X-rays  radiography  with  opaque  enhanced  penetrant  liquids  and  electronic  microscope 
photography.  The  final  results  have  consisted  in  a  correlation  between  damage  growth 
and  residual  strength  and  stiffness  of  Jointed  specimens. 
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Nowadays,  the  relatively  poor  static  strength  of  composite  Joints  forces  the 
designers  to  keep  stresscc  at  low  levels,  so  that  Joints  fatigue  does  not  emerge  as  a 
design  problem  (1). 

It  is  well  known  that  important,  role  may  bs  played  by  many  parameters,  as  the  nature 
of  material,  the  load  amplitude  and  frequency,  the  specimen  and  notch  geometry,  the 
stacking  sequence,  the  type  of  fasteners,  the  ratio  of  by-pass  to  transfer  load,  the 
teat  temperature  and  moisture  (2),  and  the  load  history  (31,  (4). 

In  order  to  understand  the  influence  of  such  parameters,  some  of  them  has  been  taken 
into  account  separately,  assigning  different  values  only  to  few  quantities  and  keeping 
constant  the  other  ones  (5),  (6),  (7). 

During  the  present  Investigation  only  two  basic  parameters  have  been  taken  into 
account,  namely  stacking  sequence  and  general  arrangement  of  the  specimen  (presence  or 
absence  cf  holes,  with  or  without  fasteners  installed,  and  percentage  of  by-pass  load 
(8)). 

Other  parameters,  like  the  type  of  material,  load  amplitude  and  frequency, 
temperature,  moisture,  clamping  torque,  bolt  clearance  or  interference,  have  been  kept 
constant,  in  order  to  observe  only  consequences  of  stacking  sequence  and  specimens 
general  arrangement. 

Some  specimens  have  been  subjected  to  static  tests,  to  measure  stiffness  and 
strength  in  order  to  normalize  residual  values. 

Then  residual  strength  and  stiffness  have  been  plotted  versus  the  number  of  load 
cycles,  in  order  to  show  the  Influence  of  stacking  sequence  and  spocimen 
configuration. 

MATERIAL,  SPECIMENS  AMD  FATIGUE  LOADS 

All  specimens,  supplied  by  C.A.G.  AGUSTA  S.p.A.,  nave  been  made  from  the  same 
pre-preg  system,  that  ie  graphite-epoxy  T300-5208,  with  0.18  mm  layer  thickness. 

Laminates  have  been  prcduced  by  pressure  bagging  technology,  and  specimens  by 
sawing.  So  some  initial  edge  delamination  may  have  occured;  anyway  this  damage  has 
been  detected  by  X-rays  inspection  on  specimens  before  any  static  or  fatigue  test. 

Four  different  slmmetrical  stacking  sequences  have  been  taken  into  consideration, 
each  one  made  of  eight  layers: 
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-  (O'/OO'/O'/W  )•  (cross-ply) 

-  ( +48 ' /«-46'  /»4S'  /-45'  )s  (angle-ply) 

-  (0'/0'/*45,/-46')s  (stringer  type) 

-  (O'/#0'/+4i,/“45,)s  (quaal-isotroplc) 

with  s  totsl  or  thickness  or  1.44  on. 

These  different  stacking  sequences  have  been  chosen  first  to  compere  the  different 
behaviour  of  matrix  dominated  fatigue  loads,  and  then  to  point  out  how  typical  "joint 
lamination"  qussl-lsotroplc  (0'/90,+45i/-45' )a  or  typical  "stringer  lamination" 
(0,/0'/+45'/-45' )s  behave  If  notched,  bolted  and  aubjaeted  to  cyclic  loading. 

Geometry  of  specimens  is  shown  in  Fig. 1 j  these  are  plain,  notched,  with  idling 
fastener  installation,  and  100#  load  tranfer  with  two  laps  of  the  same  thickness  and 
lam  met  ion. 

All  specimens  were  280  mm  In  length  and  28  mm  in  width,  with  end  reinforcements  made 
of  glass  fiber  NARNCP  3200-7781,  2.5  mm  in  thickness  and  65  mm  in  length,  bonded  to 
specimen  surface  with  NARNCO  1113  adhesive. 

Hole  for  notched  specimens  was  5  mm  In  diameter,  resulting  In  a  ratio  of  the  hole 
diameter  to  the  specimen  width  of  O.ia. 

After  drilling  and  seat  reaming,  the  fastener  was  installed  with  a  clamping  torque 
for  the  HL  86  nut  of  5  NHi,  corresponding  to  a  pre-loading  for  the  HL  20  tension  head 
equal  to  5000  N. 

Mounting  of  the  hy-lock  was  carried  out  with  a  slight  clearance,  equal  to  1 . 5#  of 
nominal  hole  diameter  (9),  (10). 

Values  of  static  and  alternate  loads  generally  met  in  literature  have  been  used 
(11),  (12),  (13),  (14). 

Loading  frequency  was  20  c.p.a.  with  room  temperature  dry  test  conditions. 

Such  a  frequency  level  is  high  enough  to  allow  relatively  short  test  time,  but  not 
too  high  to  reach  the  glassy  temperature  of  the  resin. 

In  fact  the  maximum  level  of  temperature  measured  during  tests  at  20  c.p.s.  has  been 
of  35  *C. 


EXPERIMENTAL  ARRANGEMENTS 

Loads  were  provided  by  a  servocontrolled  hydraulic  system  able  to  apply  forces  up  to 
50,000  N. 

Loads  were  monitored  by  strain  gauge  load  cells,  and  specimen  elongation  by 
differential  transformer  transducers. 

Inspections  were  carried  out  by  means  of  a  GILARDONI  radiolight  Be  X-rays  tube, 
making  use  of  opaque  enhanced  dye  penetrants  techniques  (15),  (16),  (17). 

The  arrangement  of  the  load  application  system  is  shown  in  fig. 2. 

Tab.l  shows  longitudinal  elastic  modulus  E  and  ultimate  tensile  strength  as 
statically  measured  on  plain  specimens. 

For  every  kind  of  specimen,  characterised  by  a  particular  combination  of  stacking 
sequence  and  geometry,  fifteen  samples  were  available. 

Each  group  of  such  specimen  was  divided  in  five  sub-groups,  to  be  subjected 
respectively  to  0.,  0.25E6,  0.7SE6  and  1.00E6  cycles  at  constant  amplitude  fatigue 
loading  varying  between  40#  and  80#  of  stratlc  failure  load. 

A  larger  number  of  specimens  was  tested  fur  shorter  lives  (0.25E6  and  0.50E6 
cycles),  because  the  greater  scatter  typical  of  these  conditions  requires  a  larger 
base  (18),  (19). 

Tab. 2  shows  the  percentages  of  specimens  that  hsvs  bsen  subjscted  to  the  different 
number  of  load  cycles. 

Elastic  modulus  and  tensile  strength  were  measured  and  than  reduced  to 
non-dimensional  form  dividing  by  the  corresponding  static  values,  to  obtain  residual 
elastic  characteristics. 

Then,  for  each  sat  of  residual  stiffness,  corresponding  to  a  specified  number  of 
cycles,  the  mean  value  was  computed  together  with  its  confidence  limits  (for  sets 
containing  at  least  3  values),  assuming  Student  distribution  and  small  samples  theory 
(Tab. 3). 

Such  mean  values  were  best  fitted  to  obtain  plots  of  the  residual  stiffness  versus 
the  number  of  load  cycles,  for  each  stacking  sequence  and  geometrical  configuration 
(20),  (21). 

Afiar  each  static  and  fatigue  test  an  opaque  dye  penetrant  ehsnced  radiography  was 
carried  out,  to  monitor  and  to  evaluate  damage  growth  (16). 

Finally  a  correlation  between  stiffness  and  strength  decrease  and  damage  growth  was 
Investigated  by  means  of  micrographs  (22),  (23),  (24). 
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Fosidnal  etlffnesa 

The  rtalduel  stiffness  of  (+4S’/-45!/+45'/-45'  )•  lamination  does  not  deorease 
strongly  with  an  increasing  numbs r  of  loud  eyolas  in  tha  caaa  of  plain  apaolmana. 
while  for  notohad  specimens,  such  decrees*  raachaa  a  valua  of  about  2 OH  at  on#  million 
eye ire. 

On  the  other  hand,  specimens  with  no  load  transfer  show  a  alight  Improvement  in 
stiffness  (Fig. 3),  while  tha  load  tranafar  onaa  ahow  a  largo  deereaee. 

Ac  far  as  Jointed  apecimena  with  load  tranafar  are  concerned,  decreasing  in 
stiffness  '.a  greeter  than  previous  cases. 

Anyway  the  ocattor  of  results  suggests  a  wider  investigation,  on  a  larger 
statistical  basis,  in  order  to  obtain  more  reliable  results. 

The  (0'/90'/0'/f»0’)s  lamination  shows  a  behaviour  Qualitatively  similar  to  the 
(+45'/-4S'/+45'/-4«')*  one  (Fig. 4). 

It  has  to  be  noted  tnat,  in  general,  (O' /90'  /O' /90'  )a  lamination  aeema  to  be  leas 
sensitive  to  fatigue  than  other  stacking  sequences. 

Stringer-type  and  cuasi -iso tropic  laminations  have  a  behaviour  different  from  the 
previous  ones:  in  fact  a  alight  increase  in  elastic  modulus  was  observed  at  1.00E6 
cycles  for  notched  (0'/o'/+45'/-45')s,  for  load  transfer  (o'/90'/+45'/-45' )a  and  for 
no  load  transfer  specimens  of  both  laminations  (Fig, 5). 

From  the  previous  results  it  appears  that,  for  each  stacking  sequence,  plain 
specimens  do  not  suffer  considerable  consequences  from  fatigue  cycling  (Fig. 6). 

Vlceversa,  nearly  any  kind  of  notched  sample  shows  an  increase  in  compliance;  this 
phenomenon  seems  to  be  directly  dependent  on  the  number  of  +45' /-45*  plies  in  the 
stacking  sequence:  in  fact  stiffness  reduction  is  about  of  10H  for  (O' /90‘ /O' /90' )s 
laminate,  and  80H  for  (+45' /- 4E' /♦«• /-45' )s  (Fig. 7). 

Finally,  for  jointed  specimens,  the  scatter  in  results  is  much  greater  than  for 
plain  and  notched  ones,  and  the  trend  of  residual  stiffness  versus  the  number  of 
cycles  la  more  strongly  non  linear. 

In  any  cue,  no  lead  transfer  specimens  arc  leas  sensitive  to  fatigue  (Fig. 8),  than 
load  transfer  specimens,  the  latter  being  much  more  sensitive  then  the  plain  and  the 
notched  ones . 

Moreover  such  sensitivity  depends  on  the  number  of  +45'/ -45'  oriented  plies.  In 
particular  the  stiffness  reduction  at  one  million  cycles  reaches  about  25X  of  statical 
stiffness  for  (+45'  /-4S’ /+45'  /-45'  )s  ply  and  S>X  for  (O'/90*  /O' /90'  )s  ply:.  vlceversa 
elastic  modulus  of  quasi-] sotropic  specimens  seems  to  increase  of  about  5H,  as  shown 
in  Fig. 9. 

Residual  strength 

The  residual  strenght  of  each  kind  of  specimen  considered  is  only  slightly  dependent 
on  lamination:  it  mostly  depends  on  specimen  type. 

In  particular,  for  (+45’ /-45' /+45' /-45' )s  stacking  sequence,  specimens  seem  to  be 
slightly  influenced  by  fatigue  if  plain,  while  the  notched  ones  show  a  slight  increase 
in  static  strength,  about  4X  at  one  million  cycles  (Fig. 10). 

The  aame  qualitative  behaviour  is  shown  by  stringer-type,  quasi-isotropic  and 
(O' /90' /O' /90' )s  specimens. 

As  far  as  fastened  specimens  are  concerned,  a  small  decrease  in  static  strength  has 
been  observed,  for  all  the  stacking  sequences.  In  load  and  no  load  tranfer  cases  a 
slight  decrease  in  residual  strength  has  been  observed  (Figg.  11-12). 

On  the  other  hand,  also  for  residual  strength,  (+45* /-45' /+45' /-45' )s  lamination  is 
more  sensitive  to  tension-tension  fatigue  than  (O' /90' /O' /90' )s,  stringer-type  and 
quasi-isotropic. 

In  fact,  in  the  case  of  plain  specimens,  while  (+45' /-451 /+45' /-45' )s  lamination  at 
one  million  cycles  shows  a  decrease  in  residual  strength  of  about  3X,  (O' /90' /O' /90' )s 
lamination  shows  a  slight  increase  (Fig. 13).  This  trend  holds  also  in  the  case  of 
notched  specimens  (Fig. 14). 

On  the  other  hand,  for  load  transfer  specimens,  a  decrease  in  static  strength  has 
been  noted,  both  for  (+45' /-45' /+45' /-45' )s  and  (O' /90' /O' /90' )s,  respectively  of  7H 
and  5X,  while,  for  quasl-isotroplc  lamination,  the  same  decrease  was  about  9X 
(Fig. 15). 

It  must  be  observed  that  the  presence  of  "fiber  dominated  behaviour"  plies,  in  some 
way  mitigates  the  negative  effects  of  fatigue  cycling.  This  is  true  also  for  no  load 
transfer  specimens  (Fig.i6). 

Finally  it  must  be  pointed  out  that,  also  for  residual  strength,  scatter  in  results 
is  much  greater  for  Jointed  specimens  than  for  plain  and  notched  ones. 


influence  or  increasing  and  anwiim  awlituok  load  blocks 
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A  taat  program  ta  now  going  on  to  invaattgata  tha  influence  of  lnoraaalng  and 
daoraaalng  amplitude  load  block* ,  taking  into  consideration  tranafar  load  apaclir.an*  of 
four  different  stacking  aaquanoaa. 

Built-up  load  aaquanoaa  lneluda  S  aqual  bloeka  of  800,000,  aaon  of  4  lnoraanlng  and 
daoraaalng  eub-b looks  (Figg.lTa.b). 

Kalatad  results  ara  not  ytt  completely  aval labia,  but,  only  for  some  quaa? -laotroplo 
specimens,  It  la  poaalbla  to  nota  that  lnoraaalng  load  aaquanoaa  hava  a  atrongar 
lnfluanca  on  fatlgua  bahavlour,  axpaclally  ovar  500,000  oyclaa  (Fig. 18). 


concluding  mum 

In  conclusion  It  out  ba  aaaartad  that,  in  ganaral,  tanalon-tanalon  fatlgua  for  plain 
CFRP  apaclmana.  do* a  not  modify  in  a  oonaldarabla  way  nalthar  tha  raaldual  strength 
nor  tha  raaldual  stiffness,  up  to  ona  million  load  oyolaa. 

Notched  specimens  subjected  to  fatigue  loading  undergo  two  different  kinds  of 
modification  In  elastic  characteristics,  opposite  in  sign.  A  strong  decrease  In 
longitudinal  stiffness  has  bean  observed,  10k  for  (O' /90> /O' /90' )e  lamination  and  20* 
for  (+45'/-4b'/+4S,/-45,)o. 

On  the  contrary,  the  same  kind  of  speotmen  has  shown  a  slight  but  appreciable 
Increase  in  residual  strength,  qualitatively  similar  for  each  stacking  sequence  and 
quantitatively  stronger  for  (O' /90' /O' /90' )s  and  stringer- type. 

Also  notched  specimens  with  fastener  installed  and  no  load  transfer  shew  the  same 
stiffness  decreasing  trend  with  load  cycles. 

On  tha  other  hand  specimens  with  load  transfer  show  a  r.reat  renaltlvlty  to  fatigue 
cycling:  in  particular  both  residual  strength  and  residual  stiffness  decrease  for  each 
lamination,  except  for  the  quaal-laotroplc  one. 

To  sum  up  It  seems  apparent  that  tension-tension  fatigu  on  CFRP  specimens  does  not 
lead  to  considerable  negative  effects  If  specimens  are  plain.  On  tha  contrary,  if 
specimens  are  notched,  they  undergo  remarkable  fatigue  consequencies,  but  opposite  In 
sign  as  far  as  residual  strength  and  residual  stiffness  are  concerned:  in  fact 
Increasing  the  number  of  fatigue  cycles,  the  residual  stiffness  strongly  decreases  and 
the  residual  strength  slightly  increases.  Such  a  behaviour  may  be  Justified  examining 
Figg.l9a,b,c,d,e  and  micrographs  20a,b,c,d,e,f ,  which  show  delamination  growth  with 
the  number  of  cycles.  Such  delamination,  near  the  hole  contour,  firstly  increases  the 
longitudinal  compliance  and,  at  the  same  time,  seems  to  play  a  stress  peak  smoothing 
role  similar  to  plasticity  for  metallic  notched  specimens  (85),  (86),  (87),  expecially 
near  an  empty  hole,  where  the  fibers  are  free  to  move  to  reduce  their  strain. 

Tho  change  in  specimen  shape  due  to  this  effect  is  shown  in  Pig. 81 . 

Examining  Figg.82a,b,  different  failure  modes,  corresponding  to  different  fatigue 
lives,  seem  to  confirm  this  hypothesis. 

The  moat  sensitive  stacking  sequence  for  tension-tension  fatigue  is 
(+45'  /-45" /+45' /-15" )s:  its  loss  in  stiffness  is  Impressive,  while  the  corresponding 
gain  in  strength  is  not  significant. 

Thanks  to  these  observations  it  appears  that  the  presence  of  "matrix-dominated 
behaviour"  layers  holds  a  notable  Influence  on  global  fatigue  behaviour  of  laminates , 
that  is:  the  more  CFRP  specimen  has  +45' /-45'  plies,  the  more  it  suffers  fatigue  (88). 

In  general  it  is  possible  to  assert  that  "fiber  dominated  behaviour"  seems  to  confer 
good  fatigue  performances  to  plain  and  notched  specimens,  while  quasi-isotropic 
slacking  sequence  is  more  suitable  for  Jointed  specimens,  as  damage  growth  shows 
(figg.88a,b,c,  23a, b.c,  24a, b,c). 
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Fig.1  Specimen  configuration 
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Fig.4  Residual  stiffness  for  cross-ply  lamination 
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Fig.6  Residual  stiffness  for  unnotched  specimens 
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PLAIN  SPECIMENS 


Fig.14  Residual  strength  for  notched  specimens 
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Fig.  1 9a— e  Damage  growth  for  qiiaa-isotropk  notched  specimen*  (.00,  .23EA,  .50E6,  .75E6, 1  .OOE6  cycles) 
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Fig.20d 


Fig.20e 


Fig.20f 


Fig.20a— f 


Micrographs  (48X)  showing  point  of  view,  non 
for  quasi-isotropic  jointed  specimens  at  ,25E6, 


cristallmng  penetrant  liquid  and  damage  growth 
.50E6, .75E6,  l.OOEo  cycles 


1  A 


F'g.2 1  Change  in  shape  for  angle-ply  specimen  subjected  to  1.00E6  cycles 


Ftg.22a 


Fig.22b 

Fig.22a— b  Different  failure  modes  for  .00  and  1.00E6  cycles 
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Fif.23c 

Fif.25*— c  Damage  growth  tot  quut-taotropic  joined  specimens  (.00,  .50E6. 1.00E6  cycles) 
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Tabic  1  Sttttc  chandctMci 


LAMINATIONS  (0V*0‘) 


(♦45* /-45*)^  atrlngar  type 


E  (MPa)  88954  19015 

•  (MPa)  221  121 


91  •’76 

641 


Tifafc  2  Number  of  upetimm  lor  various  IHfe  tfept 


NUMBER  Of  CYCLES 
No.  Of  SPEC.  (%) 


0.00  0.25E6  0.50E6  fi.**!)C6  1.00E6 

33  27  ?0  13  7 


Table  3  Mwn*  value*  and  confidence  kvtfa  for  elastic  moduli  (MPa) 

NUMBER  OF  LOAD  CYCLES 

0.  250000  500000 

N*«n  value  and  confidence  levels 


M.V, 

99% 

95% 

90% 

M.V. 

99% 

95M 

90% 

M.V. 

99% 

95% 

90% 

PLAIN 

0/90 

107272 

- 

- 

- 

102956 

4415 

2403 

1776 

102142 

11144 

4827 

3375 

*45 

16393 

2982 

1795 

1373 

15158 

3532 

2982 

2207 

15873 

13106 

2609 

1295 

0/0/ *45 

96383 

9912 

5582 

4258 

102289 

37881 

16324 

11065 

94863 

20346 

8819 

5984 

NOTCHED 

0/90 

112401 

32010 

17432 

12881 

111187 

- 

- 

- 

11472 

- 

- 

- 

*45 

21906 

6435 

3502 

2580 

25584 

11968 

7750 

5208 

21543 

14087 

610? 

4140 

0/0/ *45 

134038 

9506 

573C 

4395 

118014 

33452 

18217 

13459 

122448 

28214 

12223 

8299 

BY  PASS 

0/90 

137163 

33884 

18443 

13828 

123145 

- 

30578 

20768 

123214 

- 

25506 

17316 

*45 

25498 

3993 

2188 

1599 

23813 

13734 

7475 

5523 

21888 

- 

- 

- 

0/0/*45 

144325 

19031 

11497 

8809 

138946 

42448 

23112 

17079 

133639 

- 

- 

- 

TRANSFER 

0/90 

82708 

20199 

13881 

11183 

80674 

25853 

17295 

13930 

83277 

24290 

16039 

12704 

*45 

17952 

2099 

1482 

1177 

14274 

1589 

1010 

795 

13008 

3689 

2011 

1481 

0/90/ *45 

01560 

13911 

9378 

7554 

72839 

16481 

10536 

8280 

73349 

20434 

12361 

9457 
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SUMMARY 

In  thU  report,  experimental  ra^ultt  obtained  to  dato  from  an  on-going  to*t  program  aro  praaantad.  The  purpoae  of 
tbit  program  it  to  evahata  tha  performance  of  mechanical  faatenar  systems  In  Narmco  IMt/120JC,  a  high  a  train/tough 
realn  composite  identified  aa  a  promiaing  material  system  for  new  aircraft  designs.  Preliminary  results  obtained  from 
tensile  testa  on  open-hole  specimen*  and  doable  jap  Joints  were  jted  to  characterise  the  notch  strength  and  the  bearltw 
strength  aa  influenced  by  the  effect  of  design  parameters  involving  geometric  ratio*,  l.ale  tie*  and  fastener  torque.  A 
constant  amplitude  tension-compression  (R  *  -I)  fatigue  tact  was  performed  on  a  double  lap  composite  joint  to  attest  a 
simple  and  effective  technique  based  an  hysteresis  measurements  for  monitoring  progressive  elongation  ct  a  fastener 
hole.  It  was  found  that  the  hysteresis  measurement  technique  underestimate*  the  actual  hole  elongation  by  as  much  as 
2W  at  the  and  of  the  fatigue  test.  This  eras  explained  by  the  observation  that  graphic*  particles  formed  during  the 
fatigue  test  reduce  the  clearance  between  the  hole  and  the  pin.  Single-shear  composite/titanium  joints  w*»  j  tested  to 
evaluate  three  I *» terser  systems  designed  specifically  for  composite  applications.  Pour  single-shear  joints  were  tested  to 
date  to  the  ultimate  tensile  strength.  It  was  found  that  tha  Huck  interference  fit  locscbolt  fastener  system  provides  a 
single-shear  joint  strength  JO*  higher  than  that  provided  by  the  Cherry  Vlaxifoot  blind  fastener  system  and  11%  higher 
than  that  provided  by  the  SPS  COMP-T1TE  blind  fastener  system  respectively.  The  single- si  rear  specimens  tested  were 
strain-gauged  for  tha  purpose  of  maasurirg  the  load  transfer  and  secondary  bending.  However,  the  analysis  of  the  stra:  i 
gauge  data  has  not  been  completed  end  the  results  are  not  reported  in  this  paper. 

Ijo  vmtooucnoN 

The  use  «!  composite*  In  aircraft  structures  has  increased  considerably  over  the  past  decade.  Composite  structural 
components  can  be  found  in  the  fiaelage,  wing  -usd  empennage  of  modern  aircraft.  A  major  requirement  far  the 
assembly  of  composite  structural  components,  especially  in  primary  « true  tires  where  the  load  transfer  is  high,  is  the 
usage  of  mechanical  fastener  systems.  This  poses  a  challenge  for  efficient  joint  design  because  of  the  inherent 
interlaminar  shear  and  compression  xmaknassei  in  composites  which  not  only  render  them  extremely  susceptible  to 
boaring  and  delamination  failure*  but  alto  render  them  much  less  capable  to  resist  secondary  banding  resulting  from 
eccentric  load  paths. 

Attempts  to  rettac*  the  stress  concentration  produced  in  a  loaded  las  toner  hole  of  a  composite  joint  by  including 
*tV  plies  in  the  lay-op  and  to  minimise  interlaminar  stresses  in  the  fastener  hole  by  adapting  *  more  homogeneous 
stacking  sequence  have  successfully  resulted  in  Improved  properties' >).  But  the**  design  measures,  when  applied  to  first 
generation  composites  which  consist  of  low  strain  carbon  reinforcing  fibers  and  brittle  epoxy  realn,  are  not  producing 
optimum  results  as  evidenced  by  the  low  design  strain  levels  In  the  range  of  *,000  to  5,000  yun/m  imposed  an  the 
composite  wings  of  the  P-IS  end  the  advanced  Harrier  aircraft  (AV-ISM*.  Thee*  design  strain  levels  have  been 
developed  to  accommodate  stress  concentration  effects  of  faster*  r  hole*  and  environmental  effects.  They  also  serve  to 
provide  in  Inherent  damage  tolerant  structure. 

Improvements  In  the  structural  efficiency  Deed  transfer  per  unit  wsight)  of  a  mechanically  fastened  composite 
joint  can  be  realised  by  increasing  the  allowable  design  strain  level.  On*  promising  way  to  achieve  this  is  by  selecting 
high  strain/tough  resin  composites  for  structural  component*.  A  survey  conducted  by  Cenadair  Ltd*«  an  the  types  of 
advanced  composite  material  systems  currently  being  investigated  by  the  aircraft  industry  indicated  that  both  the  tonsil* 
and  comp  restive  properties  of  these  second  generation  tough  composites  are  significantly  higher  then  those  of  the 
conventions!  baseline  systems.  The  moat  important  improvement  of  them  newer  composites  over  the  conventional 
composites  appears  to  be  in  damage- toserance.  A  recent  literature  review**)  found  that  there  is  a  lack  of  data  for 
mechanically  fattened  joints  in  them  newer  composites.  Also,  improvements  in  both  static  and  fatigue  properties  of  * 
composite  joint  can  be  achieved  by  optimizing  the  fastener  system.  Important  design  parameters  to  be  considered 
include  interference  fit,  damping  pretsire  and  configuration  of  the  fastener. 

State-of-the-art  design  analysis  procedures  tor  mechanically  fastened  composite  join**  are  highly  dependant  upon 
empirical  data.  Thus,  it  is  important  to  establitii  a  data  base  for  these  advanced  composites.  A  test  program*1)  was 
launched  at  tha  Structures  end  Materials  Laboratory  for  this  purpose.  Experimental  data  collected  to  date  from  tostlr* 
of  mechanical  fastsnsr  systems  in  UM/J2AJC  are  presented  and  discussed  in  this  tiwrt  contribution. 

2  b  SmCBfflN  PREPARATION 

The  composite  material  mlacted  tar  this  lest  program  was  1M4/J2SJ .  a  s tram/ tough  resin  composite 

manufactured  by  Narmco  Materials  Inc.  Tha  resin  system,  Nermco  Rigid! t*  V  iJC,  is  a  1ST*  to  1T0*C  curing  modified 
biamataimid*  rtln  with  an  intandsd  service  temperature  range  of  -»•  to  I77*C,  Neat  reels  physical  and  machanical 
properties  provided  by  the  manufacturer  are  presented  in  Tsoi*  t.  The  Hercules  Magnamit*  IM4  is  a  continuous  and 
Intermedtata-moduius  carbon  fiber  which  can  be  used  in  prepeg  systems.  Typical  fiber  properties  ere  given  in  Table  2. 
Typical  mechanical  properties  of  1M4/52S5C  are  given  in  Table  i.  This  material  was  procured  in  unidirectional  tape 
prepeg  form  ter  us*  In  this  program.  Mechanical  properties  of  th-  procured  materiel  obtained  by  an  in-houee 
characterisation  program  are  also  preaernid  in  Table  V 


IMMel  Typical  Neat  Dak  MfvtlM  tar  Nnm  Rlfttte  32*IC 
(Manudac*ersr«i  PeHMhsd  Data) 


C«ed  itanaity 

Ti,  dry 

1.13  im/cc 
227*C 

Gel  time  at  I77*C 

13  3  minutes 

Heat  distortion  temperature 

199*-2I0*C  (dry) 

1*3*C  (wet) 

Moisture  ptdnp 

1.7%  (72  hr  bait) 

Tensile  strength  (R.T.) 
Tensile  meduba  (R.T.) 

S3  MPa 

3.3  GPa 

Ekmfation  (R.T.) 

2.9% 

Temperature 

Dry 

Vet  (*0  hr  boll) 

flexure  stranptn 

R.T. 

1*3  MPa 

112  MPa 

93*C 

113  MPa 

97  MPa 

I32*C 

107  MPa 

13  MPa 

flexure  modulus 

R.T. 

3.*  GPa 

3.1  GPa 

93*C 

3.2  GPa 

3.0  CPA 

I32*C 

2.1  GPa 

2.7  GPa 

Strain  «n«r|y  rata,  Cjc  0. 1 37  kj/ml 

Unnotched  Ixod  Impact  anerfy  10.*  3 


Table  2  typical  Prepsrtke  lor  Hercules  Mmamlte  NK  fiber 
QlaaHHiaart  MIMiai  Dak) 


typical  fiber  IVapartiaa 


SlUMta 


Tamila  strength 
Tamila  moduli* 
Ultimata  aianpation 
Carbon  content 
Density 

Specific  haat  at  73*C 
Specific  boat  at  i73*C 
Electrical  resistance 
Electrical  resistivity 


*,371  MPa 
ITS  GPr 
1.30% 


H. 0% 

I. 7?  a/cmJ 
0.22  cal/i  CC> 

0.27  cai/a  CO 
0.32  ohm7cm 

1*0*  a  10-*  ohm-cm 


Table  3  Typical  Properties  lor  Menace  Mt/32*3C  Campaalta 
(Manat  actur  art  MIM  Data  Cewpared  aMi  NAE  Data) 


Temperature 


Pspartisa 

R.T. 

93*C 

l«3*C 

I77*C 

Elastic  Carat  ants 

0*  tensile  modulus  GPa 

170(173)* 

ia 

167 

163 

0*  compressive  modulus,  GPa 

130 

- 

- 

- 

90*  tensile  modulus,  GPa 

S.3W.3)* 

13 

- 

- 

0*  tensile  ttrentth,  Mp* 

2620(2*04)* 

243* 

237* 

2206 

0*  compressive  ttreneth,  MPs 
90*  tensile  ttrentth,  MPa 

1413 

1517 

K3 

636 

61(40)* 

53 

- 

- 

0*  tonal's  strain,  m/m 

14000 

14300 

1*200 

13300 

0*  compressive  strain,  m/m 

toioo 

11300 

- 

- 

In-plane  diear  ttrentth,  MPe 

119(111)* 

107 

- 

- 

*  Data  obtained  from  an  livhouae  characterization  profram  (Ref.  3) 
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Panels  weie  fabricated  by  tint  cutting  the  propog  Up*  Into  pilot  with  the  required  fiber  orlonutlont  and 
dimensions.  These  pilot  woro  laid  i*  by  hand  and  vacuum  bag  cured  by  in  autoclave  proeoss.  During  tho  lay-up,  tho 
pilot  woro  compoctod  using  a  temporary  vacuum-bag  procott  at  room  temperature.  Altar  curing,  tho  permit  woro 
ksopaewd  by  an  uitressnfc  C-oean  lyatam.  Ipaclman  Merits  woro  cut  tram  each  portal  using  an  abraalvo  cutting  whaol. 
Partanar  haiaa  woro  propirad  by  tint  Willing  tho  halo  undarilaa  and  than  rooming  it  to  tha  roqulrod  diameter.  Carbtda 
took  woro  utod  lor  both  drilling  and  roaming.  A  drill  ipood  of  1300  rpm  was  uaad  In  conjunction  with  a  alow  toad  rata  ot 
4.33  an/mkv  No  coolant  waa  uaad  during  Willing  and  roaming.  Compaalta  Inmlnitot  war*  clampad  botwoan  two 
plailglata  pit  tot  during  halo  preparation  to  prevent  damaging  tha  lamina  to.  Altar  comp  to  ting  all  machining  work,  tha 
lamlnatrt  wort  again  C-acannod  to  determine  II  any  dam  ago  waa  Intreducad  during  machining. 

Throa  typaa  of  specimens  harm  boon  tooted  to  date.  Tha  first  typo,  Uluatratod  In  Figure  I,  woo  a  ttat  plate  with  a 
i.1)  mm  dlamatar  halt.  Tha  lay-up  ol  tha  laminate  wee  quad-isotropic  orith  a  tucking  soquwvco  el  (»3*/0*'-*3*/30*)4S. 
Tha  tacand  type  ot  tpadmani,  Uluatratad  In  Figure  2,  waa  a  double  lop  (olnt  orith  a  tingle  lattonar.  The  atoel  piatat 
wore  maCe  by  using  the  Starve tt  No.  » H  precision  groisvd  flat  ttock  all  hardened  to  Arbi.  Tha  lay-up  ol  tha  laminate 
wot  liber -dominated  and  wot  compoaad  ol  >0%,  tn  and  10%  ol  0*,  J35*  and  TO*  pilot  retpectloeiy.  Tha  tuckkw 
sequence  waa  (»3*/0*M3*/0*/TO*/0*/43*/0*/-43*/0*)2J.  either  dowel  pint  or  heaagonal  hood  iteei  lattenort  (NAS  *44- 
*,  UTS  •  1200  MPa)  woro  uaad  In  the  double  lap  joints,  Tha  third  type,  lliuttratod  In  figure  t,  wot  a  tingle -theor 
compotito/tltanium  joint  with  two  lottanort  In  tandem.  Tha  compoalto  plate  had  tha  tame  lay-up  and  itaektng  sequence 
at  that  uaad  (or  tha  double- lap  join*.  Tho  compoaito/tltanium  joint  trot  uaad  to  evaluate  mechanical  Ulterior  tyttemt 
deplaned  lor  compaalta  applications,  Throa  fastener  tyttemt  woro  talectad  tor  tatting.  Pat  toner  tyetem  (I)  was  tha  SPS 
COMP- TIT*  titanium  bund  lattonar  with  a  100*  cawtamadt  head  configuration)  (at toner  tyttam  (I)  waa  the  Cherry 
MaxUoot  A -2*4  stab  doss  steel  blind  Its  toner  with  a  I M*  countersink  head  configuration,  and  lattenw  system  (1)  was 
the  Nude  titanium  imarlerance-lit  lockboit  with  a  1U0*  countersunk  head  cent  ^ration.  All  lattonar i  sroro  installed 
using  equipment  and  procedures  provided  by  the  (aatonor  monulncturerv 

Only  one  strain  gauge  wot  mounted  on  the  open-hole  tension  specimen  or  on  the  double- top  joint  lor  measuring  the 
groat  strain  in  tho  composite.  Six  strain  gouges  were  mounted  on  the  single  sheer  compoaite/titanium  joint.  Their 
location*  are  indicated  in  figure  ». 

U  THST  PROCEDURE 

Both  static  and  fatigue  tests  ware  conducted  on  a  MO  kN  capacity  MTS  110  tett  system  equipped  with  hydraulic 
grips.  Gripping  pressure  can  be  increased  to  a  maximum  level  of  if  MPa.  Fur  all  composite  toint  tests,  both  static  and 
fatigue,  a  gripping  pressure  ol  21  MPa  was  found  to  be  adequate  against  specimen  slipping.  Par  open-hole  tensile  tests, 
the  gripping  pressure  was  increased  to  *5  MPs  because  of  the  much  higher  (allure  loads.  The  composite  appeared  to 
resist  this  clamping  pressure  very  well  and  not  a  single  failure  occurred  in  the  gripped  region.  The  MTS  UQ  tost  system 
is  tully  computer  automated  and  has  nine  A/D  channels  lor  data  ocouisition.  The  (Irst  three  channels  were  used  lor  load 
coll,  extaneometer  and  hydraulic  actuator  LVDT  data  gathi.-lng.  The  remaining  six  channels  woro  used  lor  strain  data 
gathering.  All  data  collected  were  stared  an  floppy  disks.  Software  was  developed  to  control  the  testing  process  and  to 
perform  data  acquisition  during  the  test.  For  the  the  static  tests,  specimens  were  loaded  to  the  ultimate  ten;  lie  strength 
at  a  loading  rate  ot  7M  kN/second  or  less.  For  the  constant  amplitude  fatigue  tests,  specimens  were  subjected  to  cyclic 
loads  at  a  Frequency  of  two  cycles/ second. 

%JO  results  and  discussion 

Throe  open  hole  tensile  tests  were  performed.  Specimens  Illustrated  in  Figure  I  were  ioeded  until  tensile  failure 
occurred  In  the  notched  section.  The  average  notched  tensile  strength  at  the  net  taction  for  '.M4/523JC  laminates  with 
quasi -isotropic  lay-up  and  a  4.15  mm  diameter  hole  waa  found  to  ot  3M.I  MPa.  The  unnotched  tonaile  strength  was 
calculated  based  on  classical  lamination  theory'*'  and  found  to  be  175.3  MPa.  Basic  unidlre*  ttonal  1  aim. tat*  properties 
obtained  by  tho  in-house  characterisation  program  were  used  in  calculating  the  umotched  strength.  The  net  stress 
concentration  as  defined  by  Ceilings")  was  detarminad  to  be  1.33  by  dividing  the  unnotched  strength  w'th  the  notched 
strength.  When  compared  to  a  conventional  graphite/apoxy  system,  Narmco  TM0/320B,  with  notched  strength  and 
unnotched  strength  of  230.1  MPs  and  tH.1  VIPa  (calculated)  respectively  (stress  concentration  factor  >  1.33),  IM4/3233C 
was  tom  ad  to  possess  much  improved  notched  tensile  strength  and  similar  stress  concentration  factor. 

Twenty-eight  double  lap  joints  (Fig.  2)  were  tested  under  static  tensile  loading  at  room  temperature  to  investigate 
the  effects  of  geometric  ratio,  fastener  lire  and  fastener  torque  on  the  bearing  strength  of  1M4/5235C.  An 
extensameter,  with  a  gauge  length  of  102  mm,  was  attached  across  the  fastener  to  measure  the  relative  deflection 
between  the  steel  plate  and  the  composite  plate.  A  typical  load  versus  deflection  plot  Is  given  in  Figure  3.  A  method 
waa  proposed  to  measure  the  initial  failure  load  In  e  consistent  manner.  The  slope  of  the  linear  portion  of  tho  load  versus 
deflection  curve  wot  dt  ter  mined.  This  linear  portion  of  the  curve  was  extended  to  intersect  the  horixontal  axis  at  point 
A  as  shown  in  Figure  1.  Than  a  straight  line,  with  a  slope  equal  to  33%  of  that  of  tho  Unoar  portion  of  the  cirve,  was 
drawn  Ircm  point  A  until  it  intersected  the  load  versus  deflection  curve.  The  load  value  at  this  Intersection  point  was 
ths  Initial  failure  load,  P|.  Although  this  method  is  arbitrary,  it  .nay  Indicate  tha  onset  of  failure  of  the  first  ply  which  it 
typically  used  as  an  analytical  failure  criterion.  In  the  case  shown  In  Figure  3,  as  well  a*  in  most  other  cases,  P, 
identified  by  the  above  method  corresponds  to  the  first  load  reversal.  At  this  load  level,  acoustic  emissions  from  the 
specimen  were  often  heard  durlrq  testing.  After  the  first  load  reversal,  the  laminate  was  able  to  sustain  highs*  loads, 
but  its  stiffness  was  reduced.  As  the  fastener  plowed  further  Into  the  laminate,  more  load  reversals  occurred  along  the 
way  which  indicated  progressive  failures  of  remaining  plies.  At  this  stage,  the  load  ievei  only  increased  slightly.  At  the 
ultimate  failure  load,  P^,  gross  laminate  failure  or  fastener  failure  had  occurred  which  was  indicated  by  a  sharp  drop  In 
load  level.  The  bearing  strengths  are  calculated  as  totiowsi 


<7)1  •  Initial  bearing  strength  > 
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°Bu  «  ultimate  bearing  strength 
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where  D  •  hot*  diameter 

T  ■  lomlMM  thlehnees 

Tht  ilhct  ol  tho  specimen  width  to  hoi*  dtomotor  (W/D)  ratio  on  tho  beering  ttronth  ot  IM4/5243C  it  shown  in 
Flguro  4.  Tho  o^o  distance  I*  hoi*  diameter  (B/O)  ratio  wot  5  and  the  diameter  ol  th*  hoi*  vat  4.  J  J  mm.  A  single 
hexagonal  hoed  n**i  fastener  vat  used.  Th*  clamping  pnmn  vat  kept  reasonably  constant  by  •  iaatantr  torque  ot 
U  ttm,  tt  I*  difficult  to  draw  any  conclusion  because  ot  th*  limitad  sample  tiaa  tootad  to  data  and  th*  targe  tcatttr  in 
th*  data,  hosts  ver,  it  sppssrt  that  th*  W/D  ratio  of  t  ratuitad  in  th*  Nghaat  bearing  strength*.  An  anamination  ot  th* 
tailor*  mod*  found  that  ail  tpoclmons  taataa  far  W/O  ratio  attacta  taiiadln  •  aha  or  out/boaring  mod*  (a**  Pig.  10(a)). 

Th*  *tt«et  ot  B/O  ratio  on  th*  boring  ttrangth  ot  IM4/3243C  it  ahoam  in  Figure  7.  Again,  th*  limitad  sample  sit* 
t**t*d  to  dot*  had  madt  It  difficult  tor  tints  conclusion  to  b*  drawn.  Specimen*  with  B/D  ratio  *  2  had  th*  lowast 
ultimata  baring  ttrangth  and  tailed  in  total  thor  out  mod*  (aw  Pig.  10(b))  and  thor*  it  a  tailing  ott  at  hlghr  E/D 
rati**. 

Th*  *tf*et  ol  hoi*  tit*  on  th*  baring  ttrangth  ot  IM4/S245C  It  presented  In  Figure  t.  Sp*clm*nt  with  hole  tit*  > 
t. J)  mm  had  the  highatt  uitimat*  baring  strength.  Again,  this  conclusion  It  only  preliminary  bacaut*  ot  th*  limitad 
nuntbr  ol  sample*  tatted. 

Th*  effect  ot  fattanr  torque  on  th*  uitimat*  baring  ttrangth  ot  IM4/524>C  it  prawntad  in  Figure  0.  A  dowel  pin 
vat  utad  to  tranafr  load  in  tha  doubt* .lap  joint  tar  aro  fattanr  torque  test  catae  where  the  steel  pistes  maintained  • 
•mall  gw  between  th*  compeaite  laminate.  Bert  though  th*  tempi*  tlae  vat  tmall,  a  trend  eti  obvlouti  composite 
laminate  loaded  by  a  dovoi  pin  without  lateral  constraint  had  th*  lowest  uitimat*  baring  strength)  while  increasing  tha 
fattanr  torqu*  ait*  Increased  th*  uitimat*  baring  ttrangth  but  at  a  diminished  rtte.  Th*  brand  tor  th*  effect  of 
fattanr  torqu*  on  th*  Initial  baring  ttrangth  was  let*  obvious  (Fig.  *k  Th*  highest  initial  bearing  ttrangth  was  obtained 
when  the  fastener  torque  of  Id.*  N.m  was  used. 

Only  on*  constant  amplitude  fatigue  test  hat  been  performed  to  date  on  a  double-lap  joint  with  fastener  hole  site  » 
4.113  mm,  W/D  ratio  »  t  and  E/D  ratio  .  5,  A  dowel  pin  with  a  diameter  <  *,>50  mm  was  used  for  load  transfer  In  the 
double  lap  joint.  This  resulted  in  a  hole  clearance  of  only  0.333  mm.  A  bolted  jo'nt  was  simulated  by  siting  a  C-clamp 
and  tero  hexagonal  nun.  Lateral  damping  pressure  in  tha  dowel  pin  region  was  applied  by  damping  ttv  nuts  against  the 
steel  plates.  The  end  of  th*  screw  in  the  C -clamp  was  modified  to  that  a  torque  wrench  could  be  used  to  apply  a 
damping  load  approximately  equivalent  to  that  obtained  from  using  a  torque  level  of  >.*  N.m  on  a  similar  Slav  fastener. 
Maximum  cyclic  load  level  of  1  >.*  kN  with  a  R  ratio  (minimum  load/maximum  load)  of  -I  was  used  to  test  the  double-lap 
joint.  Tha  test  wes  conducted  in  laboratory  air  environment.  An  extent  ometet  with  102  mm  gatM*  length  was  mounted 
on  the  specimen  for  hysteresis  measurements  before  tht  start  of  the  fatigue  test  and  at  predetermined  numbers  ot  cycles 
alter  the  start  of  th*  fatigue  test.  Th*  purpose  of  tht  hysteresis  measurement  was  to  determine  the  amount  ot  hoi* 
elongation  under  cyclic  loading.  The  amount  of  hole  elongation  sms  determined  at  followtu 

A)  »  hoi*  elongation  «'  Ith  cycle  •  6|  -  i| 

where  6|  »  total  deflection  measured  at  1st  cycle 

6[  >  total  deflection  measured  at  ith  cycle 

A  summary  of  the  constant  amplitude  fatigue  test  results  Is  presented  in  Figure  II.  A  plot  of  hoi*  elongation, A, 
versus  tht  nombar  of  cycles,  N,  is  prewnted  In  Figure  12.  Significant  hole  eiargation  (0.15  mm)  was  maosurod  by 
hysteresis  measurement  technique  at  15,000  cycles.  At  this  point  the  joint  was  disassembled  and  th*  hole  was  measured. 
It  was  oburvsd  that  th*  hole  was  elliptical  with  the  major  avis  parallel  to  the  loading  direction.  The  length  ot  the  major 
axis  eras  found  to  be  4.3a:  mm  nr  a  hole  elongation  (4,5*1  mm  -  4.513  mm)  of  0.13*  mm.  Tha  actual  hole  elongation  was 
0,021  mm  or  22*4  higher  than  that  deter  nunedby  hysteresis  measurement.  At  this  point,  the  composite  laminate  was  C- 
scanned  end  be-rirg  damage  was  found  around  the  fastener  hoi*.  Th*  fatigue  test  was  continued  until  the  hole 
elongation  was  found  to  be  mare  than  19%  of  the  hole  diameter.  At  this  stage,  th*  fatigue  test  was  stopped.  Again,  the 
joint  was  disassembled  and  the  hoi*  was  measured.  The  length  of  th*  major  axis  of  the  ekagatad  hole  was  found  ta  be 
7.J01mm.  Th*  actual  Iwle  elongation  was  determined  to  be  0.32  mm.  The  hysteresis  me*  urement  indicated  an 

»tion  of  0.73  mm  which  was  0,1*  mm  or  24%  lower  than  the  actual  value.  Again,  tha  specimen  was  C- scanned 
indicated  the  bearing  damage  K«d  grown  by  approximately  >0%  since  th*  lest  measurement  at  15,000  cycles. 

When  th*  joint  eras  disassembled,  it  vms  observed  that  graphite  powder  formed  duriig  th*  fatigue  test  was 
compressed  into  “flakes*  that  stuck  to  th*  pin  surface  as  well  as  to  th*  I as  terser  hole  surface.  This  graphite  had  reduced 
tht  clearance  herweon  the  pin  and  th*  hoi*.  When  th*  joint  was  disassembled,  these  graphite  layer*  "flaked*  off  the 
surface  before  th*  hoi*  wes  measured.  Consequently,  the  actual  hole  elongation  is  always  less  than  that  measured  by  the 
hysteresis  measurement  technique  because  of  debris  accumulation.  However,  the  hysteresis  measurement  technique  can 
detect  hole  elongation  reasonably  well  end  It  1*  a  good  technique  to  use  in  case*  where  th*  joint  cannot  be  disassembled. 

Three  fastener  systems  designed  specifically  for  composite  applications  star*  selected  for  static  testing  in  this 
program.  Tha  single-shear  compoute/titanium  joint  dxrvn  in  Figure  )  was  used  for  evaluating  these  fastener  systems. 
Figure  11  shows  th*  dwractarlstici  of  fastener  systems  after  installation  in  th*  compooite  laminate.  Th*  fastener 
systems  selected  are  designed  for  galvanic  compatibility  with  graphlte-tibar  composite.  To  accompli*  this  titanium  or 
4-2*4  stainless  steel  are  used  in  that*  fasteners.  The  SFS  COMP-TITB  and  th*  Cherry  Maxi  foot  are  blind  fasteners  with 
significantly  Improved  blind  head  diameters  which  are  *  seen  tie!  to  develop  high  damping  ktdt  without  crushing  or 
delaminating  the  eompoait*  material  during  installation,  Also,  tniergad  blind  heads  art  required  in  compoaita  fastanlng 
to  resist  pull-through  leads  and  to  resist  fastener  cocking  associated  with  eccentric  toads.  Th*  Huck  titanium  iockbott  is 
a  two-piece  fastener  system  bmignwd  specifically  tar  Interference  fit  Installation  in  composite*.  The  fastening  principle 
it  bated  an  a  swaging  action  which  fill*  th*  locking  grooves  on  tho  iockbeit  with  collar  material  to  form  a  permanent 
lock.  The  sleeve  expansion  process  in  tho  hole  during  installation  ia  tha  hoy  to  developing  an  interference  fit.  When 
applying  this  fastener  system  using,  CL0742  mm  tolerance  hoi**,  an  interference  fit  range  of  0.025b  mm  to  0.132*  mm  it 
paaslbi*.  Teats  performed  at  Huetc*'  demonstrated  that  no  damage  occurred  in  the  composite  when  this  fastener  system 
was  installed  with  interference*  tg>  to  0.I77L  mm  on  th*  diameter.  Fastener  removal  tests  demonstrated 
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that  thora  no  significant  plastic  do  lor  motion  or  crushing  In  tho  hot*  u  the  hot*  retumsd  to  within  0.02)0  mm  of  It* 
original  diameter  tor  oil  interference  levels.  Interference  tit  It  now  bocomb*  on  Important  design  consideration  In 
<m&  uoolly  tootonod  oompoolt*  Joints  lor  o  number  of  potontlol  performance  gain*  such  a*  improved  structural  static 
and  fatigus  proper  11  ss,  Improved  toad  tr  ana  tor  In  muttl-iaatanar  Joints,  otoctrleal  continuity  and  wator/tuol  tightness 
with  no  toalont. 

Pour  compoelt*/ titanium  faints  hay*  boon  taotad  to  dot*.  Thao*  (our  specimen*  war*  tasted  In  autlc  mod*  up  to 
th*  ultimata  tonal  la  strength,  51*  strain  gauge*  war*  mounted  an  that*  specimen*  at  par  th*  locations  Indicated  In 
Figure  ttbK  Th*  two  (train  gauge*  on  th*  compooito  plat*  maaaurad  th*  total  strain  while  th*  two  stialn  gauges  un  each 
titanium  plate  Indicated  tho  total  load  transfer  as  a  result  of  fastener  bearing  and  plat*  friction.  Analysis  ot  that*  strain 
gouge  data  have  not  boon  completed,  so  th*  results  are  not  Included  In  this  short  contribution.  A  constant  amplitude 
fatigue  fat  with  tension  conysslon  cyclic  loading  (R  •  -1)  la  new  underway.  This  test  Is  on  s  Joint  fabricated  with  th* 
3M  COMP- TIT*  fasteners.  This  Joint  wet  strain  gauged  according  to  th*  locations  shown  In  Figure  Mt)  to  determine  the 
ameunt  ef  secen^^sry  bending. 

The  ultimate  tonsil*  strength  tor  the  Joints  using  th*  two-piece  Huck  Ittterfsronce-fit  fasteners  was  by  far  th* 
highest.  Th*  average  tellur*  load of  tho  two  Joints  with  Huck  fas  tenors  was  34.2  kN.  This  wot  Km  and  00%  higher  than 
th*  failure  load  ot  tho  blind  Joints  using  Cherry  Moxlfoot  fastonurs  and  SPS  COMP-T1TE  fasten*™  respectively.  The 
ultimate  failure  of  all  th*  Joints  tested  was  caused  by  shear  failure  of  th*  fastener  at  th*  Junction  ot  th*  countersunk 
head  and  th*  fastener  shaft.  Significant  fastener  cocking  under  high  tonal!*  loading  wo*  observed  for  all  fatten*™  which 
ultimately  led  to  faituro.  Also  both  titanium  plates  wore  Qbssrvod  to  band  outward  at  th*  fra*  end  undor  the  influence  of 
eccentric  loading.  Examination  of  th*  composite  plat**  altar  th*  failure  of  th*  Joints  revealed  bearing  damage  at  both 
fwtonor  holes.  Crushing  damage  end  denomination  of  th*  «S*  surface  ply  with  breakage  of  fibers  war*  oboorvod  on  th* 
blind  old*  or  th*  cellar  aids  of  sne  composite  plat*  In  th*  neighbourhood  ot  th*  fastener  hoi*  (see  Pig.  IS). 


Experimental  data  obtalnad  to  data  from  an  on-going  test  program  evaluating  th*  performance  of  mechanical 
fas  toner  system*  In  IM4/3243C  war*  presented  In  this  short  contribution.  Preliminary  conclusions  are  at  follows) 

(1)  Th*  notched  strength  of  IM4/3243C  ssas  found  to  b*  higher  (Pits)  than  that  of  th*  conventional  TWO/ 520* 
graphite /epoxy  system. 

(2)  Results  from  double-lap  tensile  tests  Indicated  that  th*  bearing  strength  was  th*  highest  when  W/D  ratio  >  4. 
Decreasing  th*  E/D  ratio  to  2  resulted  in  a  change  in  failure  mod*  from  sheer -out/bearlrg  to  total  shear-out  and 
also  a  decrease  in  bearing  strength  by  22%. 

O)  The  bearing  strength  was  *ound  to  be  slightly  higher  for  Joints  with  s  hole  diameter  of  V.3J  mm  than  those  with  a 
hoi*  diameter  of  4.3)  mm  or  12.7  mm,  Th*  lowest  ultimate  bearing  strength  was  obtained  by  loading  with  a  dowel 
pin  and  without  any  lateral  clampilng  constraint.  Th*  bearing  strength  sms  found  to  Increase  by  incroaaiiw  the 
laatanar  torque. 

(*)  A  technique  based  on  hysteresis  measurements  was  found  to  be  a  simple  and  affective  way  to  measure  the  amount 
of  hoi*  elongation  undjr  cyclic  loading.  This  technique  is  extremely  useful  in  cases  where  th*  Joint  cannot  be 
disassembled  during  testily. 

())  Th*  Huck  Interference-lit  lockbolt  fastener  system  sms  found  to  provide  *  single-shear  Joint  strength  30%  and  t*% 
higher  than  that  provided  by  th*  Cherry  Maxi  foot  blind  fastener  system  and  that  provided  by  th*  SPS  COMP-T1TE 
Mind  las  tenor  system  respectively. 

(4)  A  method  based  an  the  concept  ot  )%  offset  slop*  *ms  propoood  to  obtain  th*  Initial  failure  load  from  a  load  versus 
deflection  curve  of  a  tonsil*  Joint  tost. 
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FIG.  10:  FAILURE  MOOES  FOR  IM8/B246C  OOUBLE  LAF  JOINT 
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